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SYNOPSIS 

Provision of a pil'? at the centre of a circular 
foociiig considerably reduces the settlement tanci hence it is 
a possible alternative under certain circumstances. Also 
such a 'piled circular footing* forms a typical unit of 
pile~raft systems, and a detailed saudv of such a unit 
would indicate the behaviour of a general pile-raft. 

So a detailed .-malysis of such unit has been taken up in 
this work. In addition, the analysis of pile ^^pX3Up/pile 
raft of certain geometrical configurations under different 
soil conditions h.as also been carried out, Axisynmetric 
finite element programs were developed and have been used 
for most of the work reported, for the analysis of pile 
groups and pile-rafts of square arrangement * interaction 
factor method* has been used. 

A 'condensation procedure* similar to 'substructure 
technique* was developed and Implemented in the program. 
This procedure does not require use of auxtlliry storage 
like tape and large problems can be solved with anall core. 
A study of the axi symmetrical, isoparametric 8 noded 
element with parabolic variation of displacements was 
carried out to assess its performance in bending with 
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different types of lo'»ding and singl^'' layer of has 

been sho'.vn to bf adequate for wide range of p.'iTaaeters. 

The sarae parabolic isoparameterio elements have been used to 
model soil, pile, footing and superstructure. 

Parametric solutions for a piled circular footing of 
finite rigidity set in deep homogeneous iajtropic line^arly 
elastic foundation have been obtained for wide range of 
g»-‘ometric and material parameters, for tv;o types of axi- 
symmetrical lo iding. The effect of different parameters 
on the behaviour is discussed. The results of settlement, 
load trananifctod by pile, raft bending moments etc., have 
been tabulated in terras of non*-dimens tonal p^iramoters and 
they can be used in the design of piled circular footing 
which is shown to be a possible economical alternative by 
an example. For certain cases the load shared by pile 
may esaieod its ultimate bearing capacity, even in working ; 

load range* A simplified method of accounting for failure ; 

of pll*' in such cases has been desf:rtbcd* 

Since soil often exhibits different types of ^ 

non>-homogeneity, the effect of non-homogeneity on the behavi- I 
our of piled circular footing has been studied. The non- ; 
homogeneities considered Include, the soil stiffness increasing 
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linearly with depth, two layered soil medium in which 
ther- is a weaker soil "below and non-homogenoi&ios arising 
duo to th' installation of pile. The effects of those 
non-honogeneitios on ' be behaviour of such unit have been 
discussed. 

Cross anisotropy is an observed phenomenon in many 
soils. The effect of orxjss anisotropy on the behaviour of 
single pile and piled c iircuiar footing have been studied 
for wide range of parameters for in'-corapressiblo materials 
and certain cases of compressible materials. The effect of 
cross anisotropy on the behaviour of pile and piled footing 
has been discussed, Tbo distribution of stresses around 
the pile and piled circular footing have also been 
reported. 

Most of th ' analyses! reported in the literature 
assume smooth contact, satisfying vertical displacement 
compatibility only. Somo analyses including the analyses 
described so far herein .assume adhesive contact. So it 
is nocassiiry to study the effect of smooth contact versus 
rough contact, ?or this study the use of 6 noded interface 
element along with 8 noded continuum elements was tested 
for circular raft of different rigidities and has been 
shown to model the contact between raft and soil adequately 
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Using this interface elomont, the effect of smooth 
contact between pile head and footing and also between 
raft base and soil versus adhesive contact, on settlement, 
percentage of pile load and raft bending mom'-nits have been 
studied for a number of cases. 

Progressive failure mechanism and bearing capacity 
is another important aspect in any foundation problem. 

These asp cts have been studied for the piled oircul?ir 
footing, circular footing and single pile, under undralned 
soil condi!:ion assuming soil to be elastlc-ideally plastic 
obeying von Mises cri+ari<m, using ’initiid stress’ finite 
element tvjchnique for computation and interface elements for 
modelling th^ contact. Solutions have been obtained to 
study the effect of footing flexibility, pile compressibility 
and type of contact on the behaviour of circular footing, 
single pile aid piled circulax footing under homogeneous .and 
non-homogenoous soil conditions, 

Prom the elastic analysis of single pil; -ind piled 
circular footing, the ’interaction factors* were also 
obtained. They have been used to study the settlement 
behaviour of pile groups and pilo»-raf ts of square arrange- 
ment. Firstly the solutions so obtained are shown to be 
in satisfactory agreement with available solutions for 





tiomogenoous soil condition* Subsequently the method is 
used t,o study the settlement of such pile groups and 
pila-rafts in different types of non~horao gen sous soil 
condi cions m.jntionod e-arlier nnd in cross anisotropic soil* 
Solutions have been obtained assuming the cap or raft to 
be perfvjctly rigid or perfectly flexible* A’non*-line ir 
interaction factor method* of -malysis of pile group and 
pile raft is described and a bilinear ftnalysis has been 
carried out in the case of pile^raft. 

The effect of an axi symmetrical superstructure like 
those of some storage stnictures, nuclear containment 
structures etc* on the behaviour of circular raft and cir*- 
cular raft with an annul, 'ir .arrangeni''’nt of pil. s near the 
edge has been studied* In this study the effect of super- 
structure rigidity on the behaviour of thr foundation for 
different values of raft flexibility, pile length and 
Poisson’s rritio of soil have been discussed and solutions 
are presenbed in non-dimension.il form for use in desi#pi* 

Some results pertaining to circular raft and 
single* pile, taken for the purpose of checking and comparison 
from which conclusions of some importance were drawn have 
also been reported. 
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IlfRODUQglOH 

1.1 GENBRiL 

Piles are being used for transmitting tbe loads 
from different kinds of structures like buildings, bridges 
and retaining walls, to the soil strata, particularly when 
the soil is weak, right from ancient times. One of the 
methods of design of such piled foundations, is by using 
empirical formulae obtained from experimental/field obser- 
vations (Meyerhof (92), Burland et al (22)), Some such 
empirical approaches have been discussed in review papers 
by Meyerhof (92) and Cooke (55) » in the latter’s opinion such 
empirical approaches are likely to remain for the foreseeable 
future. Another approach is interactive theoretical analysis 
using theory of elasticity/plasticity making certain ideal- 
isations, regarding the material behaviour. This approach 
is likely to be v'=‘ry useful in indicating the effects of 
different geometric and material parameters on the behaviour 
of piled foundations. Hence attention is focussed towards 
this approach throughout this work. 

Piled foundations may be free standing pile groups 
(cap not in contact with ground) or pile-rafts (cap in 
contact with ground). The latter type of foundation may be 
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useful In situations In which raft foundation Itself has 
adequate factor of safety; but the settlements are excessive. 
Provision of pile may reduce the settlements substantially. 

In such a pile-raft system, the cap or raft may also transfer 
significant portion of the load to the soil. Hence inter- 
action of pile-raft-soil system requires to be analysed 
as against analysis of pile-soil system in the case of free 
standing pile groups. Ofcourse, the effects of superstructure 
and time also are to be included, to bo more ri^rous. Ihe 
number of investigations reported on the behaviour of pile 
group have been quite many (Brief literature review is given 
in Sec, 1,2) , Soil medium may exhibit non-homogeneity of 
different kinds and anisotropy in stress-strain and strength 
behaviour, due to its process of formation, and subsequent 
changes in environment* However, reported studies on tho 
effect of such important aspects of soli on the behaviour 
of pile group are inadequate. 

analysis of pile-raft systems has rectived still 
less attention, probably due to the geometrical complexity 
of the problem* fhe effect of flexibility of the raft 
and non-homogeneity and anisotropy of soil, on its behaviour 
may be significant but the available literature on these 
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aspects are scanty* Plle*-raft systems are not readily 
amenable to i.';eneral p.aranetric studies, on the effect of 
some of these aspects, particularly the flexibility of raft. 

A piled circul.ir footing forms a typical unit of a general 
pile-raft system, A detailed analysis of this unit to study 
the effect of different geometric and material parameters 
would indicate the general trends that may be expected in the 
case of general pilc-raft system. Also, since piled circular 
footing itself can be used as a foundation, solutions are 
required for the design of the same. 

Finite element method (FIM) has established itself 
as a powerful numerical technique, for general engin'^erlng 
analysis. In particular, geotechnical engineering problems 
involving complicated geometry and material behaviour can 
be solved by FEM, without much efforts, to handle such 
complications* The literature contains innumerable refer 'nces 
using FBM particul;arly after late sixties* They mostly 
pertain to some specific field problem or comparison of 
numerical solutions with other analytical solutions or 
exp erimental/f laid observations* However, it appears FEM has 
not been fully exploited for presentation of solutions of 
important geotechnical problems, like piled foundations, 
particularly those involving non-homo gene Ity and anisotropy. 
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The interface conditions may influence fhe behaviour 
of fJiled foundations significantly. Such studies on the 
effect of Interface conditions on the behaviour of systans 
involving two or more materials, have been made possible by 
the development of interface elements. Use of those inter- 
face elements would be very useful in the study of the 
influence of interface conditions on the behaviour of pile- 
raft/ footing systems. .Such works found to be rather 
few in the literature and more work is needed. 

Pile foundation has certain advantages. Raft found- 
ation or footing foundation has some merits, Mt a combi- 
nation of these two essential foundation types may prove to 
be more effective and efficient, under certain circumstances, 
A study on the comparative performance of these types of 
foundation, may be use:^! In this regard, 

Che study of behaviour of pil« d found jtion in the 
working load r.inga is one important facet. Another euqall'y 
important asprefc is the progressive failure 
m.-'chanism upto collapse, a study of which would be very 
useful in understanding the behaviour of such found ttions 
completely, Masto-plastic finite element technique can 
be used for such problems Involving complicated geometry. 
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Howevor, th'-=>sa studi-' s may be highly expensive in cases, 
which require 5'*dimcnsional treatment, when PBM is used, 
for some cases involving simple geometry (e.g. single pile, 
piled circular footing), which reduce to two dimensional 
idealization, such studies can be made at reasonable cost. 
Available literature even for the simple c \se of single pile 
is too meagre and further work is required. 

AS pointed out above, analysis of problems requiring 
3-dimennion.il finite element modelling, may be very expensive, 
particularly when a number of cases of piled foundations are 
to br finalysed. Honce some simpler procedures like 
» interaction factor method* require to be developed and 
also such available procedures require to bo extended/ 
improved, wherever possible and necessary. 

In such interaction based method of analysis, th. 
responso of individual pile and pile-pile interaction -are 
two important aspects. The non-linoarity of response of 
individual piles has been recognized and considered in many 
analysDS, as referred in See. 1*2, The pile-pile interaction 
may reduce with increasing load, as the soil around the pile 
in question falls, since the effect may be local and may 
not bo felt at locations away from the pile. Or in other 
words, ’interaction* may be less at greater load levels. 
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This aspect does not appo^ir to have been considered in the 
interaction based analyses of pll-. foundations. Hence 
a method is needed to be developed co account for this. 

Nonlinear behaviour of foundation- soil systam 
(although c^’n be analysed in principle using PEM) may 
warrent some simplified procedures or sijnplo approxijiate 
formulae, which c.an bo used with hand calculations, for 
arriving at prelim in -iry design* 

Stiffness of thv* superstructure mav significantly 
affect th' behaviour of found at I on- soil system# Although 
numerous works have been reported taking into account the 
supor-strue cure in the analysis, available literature on 
thr effect of superstructure on piled foundation is very 
moagro* Also, solutions assuming clastic connections 
between different components of the systtsm are not found* 

1*2 BRI E? LI TER JlT HRE REVI M 
^ Constitutive Models 

For theoretical analyses of pi^blcms involving 
stress-strain response, first and fore most step is the 
selection of proper constitutive model defining stress-strain 
relations. 
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1.2. 1.1 Mnearly Elastic Mod<=!l 

Simplosu model is linearly elastic one* The elasti- 
city may hf"’ Isotropic or anisotropic. The elastic soil 
continuum may ht: homogeneous or non-homog<?neous. The non*- 
homogeneity may he of different kinds, liko layered, stiff- 
ness varying vdth depth, radial non-homogeneity etc. Even 
though soil is not an id-^’a! cl.ist:ic material, in the sense 
that stresses and strains arc not llne'irly related, strains 
are not fully recoverable on reduction of strorses and 
strains ai^o not independent of time, assumption of linearly 
el istic behaviour is expedient and should be siafficlently 
accurate for engineering purposes (Hooper (75) and Butter- 
field and G-hosh (25)). Hence these models may be highly 
useful for presenting general solutions. Such elastic 
solutions for a number of geotechnical problems including 
j)ilnd foundations hive been given by Jbulos and Davis (110,111). 
In most of th . cases soil exhibits cross anisotropy, with 
horizontal plane a© plane of isotropy. Even though solutions 
for cross-anisotropic soil conditions have been presented 
for surface loading and footing (Hooper (74), Garrard and 
Harrison (63), Gazetas (61), Gazetas (62), Wardle (139), 
no solutions for piled foundations appear to be available. 
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Sven for linearly elastic soil model, exact mathematical 
solutions possible only in some extremely simple situat- 
ions. Though many exact solutions are available for surface 
lo^.diaa:, exact solutions do not appear to have been obtained 
even for an axially loaded single pile, (Recently some 
approximate expressions have been presented for settlement of 
single Dile by Randolph (113)). However it is possible to 
solve almost all problems with any complicated boundary 
conditions and/or any complicated material model, by numerical 
methods like ?3M. 

1,2. 1,2 Ifon-1 inear clastic models 

It iis well known that soil most often exhibits 
non-linoar stress-strain behaviour. There :ire a variety of 
non-linear (Pseudo-elastic) elastic models available to 
model such behaviour. Simplest model of this kind may hr 
bllinejiT or trillmar representation of stress-strain 
behaviour. Those models have been used in the analysis of 
geo technical problems by Ellison et al (58),B'appolonia ot al 
(52) and Ifcinlop and Duncan (39). Another approach is to 
establish the non-linear stress strain relation from 
laboratory tests for any specific case and to use these 
results to define the value of soil modulus depending on 


the state o2 strain ('xirijavallaban et al (64) and Desai 
and R'?ase (42) ) , 

Thi» mopt popular mod'll of this kind is hyp-rbolic 
strosp-s train model developed by Duncan et al (41), based 
on Kondnor*s (.31) work, probably due to its simplicity 
in application in F3M. ^ita a few investigators have used 
this model in the analysis of different geotechnical 
problems (Dhang and Dunc.an (27), Mitchell and Gardner (95), 
Clough and Duncan (53), IXincan ind Glough (40), Kulhawy 
et al (82), D''sai (49), Desai ct al (44), ¥arada2'a,1an and 
Yudhbir (137), Magid and Gunnell (87), Yaradarajan and Arora 
(134), Yaradarajan -ind Arora ( 1 35) ,0 ttavi.ml ot al (99), 

Daw (83))* Improved modelling of stress-strain behaviour 
can ba made using spline function representation (Desal(50)) 
which may fit with test results, in a better way. The 
stress Paths followed by different elements in the field 


t 
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Thftse non’-lin'' iT models may not predict the response 
near collapse satisfactorily (Ctev/ and Smith (28), Arora (3)), 
Ozawa and TXincan (100). Nevertheless, these models have 
been shown to predict load-deformation response satisfactorily 
in most of ch'-- above references. 

1.2. 1,3 SI a: tic plastic models 

Models of this cate^ry are in general better than 
pseudo-elastic ones, p.articularly in predicting the behaviour 
near collapse, 

Haro tlr: stresses and strains etre related entirely by 
their inci'ornenfcal behaviour arising from the; theory of 
plasticity. Different ideal plasticity models like von-Mises, 
Drucker-Jr^iger, Tresea and Mohr-Coulomb are available 
(Zionklewicz (I49)ii 

A goner'll method of deriving the ol istic-plaBtic 
matrix for these yield criteria, which can bo used in finite 
element anvOlyecr', v/as nrosonted by Nayak and Zienkiowlcz (96)* 
One of th' ofCiciont computation techntqufB called ’initial 
stress* approach which uses ’constant elastic matrix' for 
Itcrativo solution has been described by Zienkiewicg; ©t al(153)* 
A further refinement of ’initial stress’ method was proposed 
by Nayak and Zienkiowicz (95), in order to accelerate oonver- 
genco of original 'initial stress’ technique. 
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Trosca and von-?4isos criteria are often used to study 
thi undrained behaviour of clayey soils. A number of such 
’.vorks pertaining to strip footing (Hoeg et al (70), Femandoz 
and Christian (59), Davidson and Chen (54), Griffiths (66), 
Swamisoran and P^-nio (130), Job and Slo aji (132), Rowe et al 
(123), Ziankiewicz (150), Sloan and Randolph (127), Oircul ir 
footing (Hoeg (69), Biondi et al (12), Das and Gangop.adhyay ( 53 )^ 
Vallippan .t -al (133), 31oan md Randalph (127), Rowe ot al 
( 123 )) and single pile (Chaw and Smith (28), Balaim ot al (5)) 
have bicn roported. The footings have bean assumed to be very 
rigid or completely flexible in those works. Strain softening 
of soil was considered by (Hoeg (69), Biondi (12) and Sture 
and Ko (1^), In most of those works ’small deformations* 
have boon assumed. However, the geometric non-linearity 
arising from large deformations, have been considered by 
som ; investigators (Davidson and Chon (54), Toh and Sloan (132), 
Parnand ja 'nd Christl.an (59)). Jinisotrophy was considered 
by Toh and Sloan (132), 

Drucker-Pragor or Mohr-Coulomb model has boon used for 
studying she friction'll bohavtour of soils. A number of such 
studi; B pertaining to strip footing (Prank et al (60), 

Griffiths (66), Christian et .al (31), Swamisaran and Pande (130), 
Rowe et al (123), Zienkiewioz: (150), Desal et al (43)), 
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circular footing (Zicnkiewicz (149)) onl singl' pile 
(Frank ot 'il (^0), Balaam et al (5)), have been r»5porto:l. 

The assumption that th'’ plastic behaviour is ’associated' 
gives rise to dilation much in excess of commonly observed 
soil behaviour, when these yield models are used. Hence 
’non-asso liatcd' plastic behaviour, usually with the 
assumption of zero volume change, has been arsuraod by 
many' investigators. (Rowe ct al (123), Zionkiewics (150) 
and Jhristtan et al (31)). 

The constitutive modol developed by Roscoe and his 
associates (117, 118, 119|^ 120, 124)), have been adopted and 
used in th"? investigation of many geotechnical problems 
(Zienkiewicz ^uid Naylor (151), Hagmann (67), Zienkiewicz 
ot al (150)). Yiscdpl istlc model (Zienkiewicz et al (150), 
can also bo used for studying elasto-plastic problems in 
addition to tim ’ dopondont problems (Zienkiewicz (149), 
Griffiths (66) an- Papdo and Shorma (104)). 

From tb'? above review of lit ^rature on elasto- 
pla||tic 'analyses of foundation problems it is found th it 
olasto ‘-plastic analysis of piled foundations and that of 
footings of finite flexibility reported ore meagre. 

She consltutiva models are still in the developing 
stage and a single model that can predict the behaviour 
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un.i,;vr 'I nur:b.;*r of stress p^ths, thit may oc.iur in fi.iffcrent 
soil ol in a raalistic situation, ic yet to emerge 

(■Oes'ii (43))- 

1,2.2 .An alysis of Piler'' Pound itions 

1 . 2 . 2 . 1 Piled c ircul x foot ing 

in incompreesible pile with an attached rigid circular 
Cap, in somi-infiriite elnstic continuum was studied and 
par-imatric solutions wore presMted by Poulos (106), using 
integral equ bion m- thod, which uses ?ftndlin’s solutions, 

Thi- pil.> corapraESibility was considered in the analysis of 
some cases of piled footing v/ith a squ.'ire cap by Butterfield 
and Bin')r,1oe (23), using Boundary element method. Solutions 
for piled strip foundation of finite strip flexibility, has 
been presented by Brown et al (18), using integral equation 
method. Solutions taking into account the footing flexibility, 
and non -homo gen city and anisotropy of soil are not available 
for piled ciixjular footing. Also the influence of interface 
conditions on the behaviour of such found itions has not boon 
studied. 

1.2. 2. 2 Pile group 

The analysts of pile group having complicated geometry 
and/or material property, c-m be performed using 3'- dimensional 
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finito olnmeni approich. (Ottavi-ani (98)). toother less 
expensive approneh Is Bound, iry element method. This method 
developed by Butterfield, Bon^rje'i ind their associates 
(Butterfield ani Banerjee (24), Banerjee and Butterfield 

(8))^ Cm ho used for the analysis of pile group subjected 
to any general loading. The non-homogeneity of soil can 
also be taken into account (Banerjee (7), Banerjea and 
Bavies (9). R cently this m .-thod has boon extended to take 
into account non-lincirity of soil an' slip at pile-soil 
interface (Banerjee and Davies (10)), However, the limitation 
of this m thod is that a point load solution is to be avail- 
able, 

tooth r approach for general analysis of pile group 
is by using the pile response functions under different modes, 
de^ribei by Reese et al (116), This approach can account 
for non-lincnr response of pile heads in different modes. 

It v/as developed without considering the pile-pile interaction 
and latt 'r it was extended to take into account such inter- 
action (O’Neill et .al (97)), Buc th*’ se interaction offeefcs 
wore calculated based on elastic solutions. 

toother approach to analyse the behaviour of pile 
groups, is the ’interaction factor method’ developed by 
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Poulos mi his associates (Poulos and 3avis (111)). The 
interaction factors for any spacing between two piles are 
computed from "he analysis of two equally loaded similar 
piles, for this purpose Mindlin^s solutions are used. 

This method has been recently extended to non<-homogeneous 
soil (modulus linearly increasing with d epth) , making 
certain approximations (Poulos (109)). Approximate method 
of calculiting settlement for certain c isec of layered 
soil has also b^on presented (Poulos and Davis (111)), 
However, for certain cases of non-bomogeneous soil (o.g, a 
I'ayorod soil medium in which top layers arc stiffor), 
these approximate m^-thods arc not satisfactory (Poulos and 
Davis (111)). Recently another method of calculating the 
'interaction factors' using some approximate solutions, which 
can also be us-'d to account for soil non-homogeneity, has 
be m reported by Raiidolph et al (114). 

This method ( intoraction factor) is very economical 
and attractive, if solutions for a number of pile group 
configurations are required, since other methods require 
seperato analysis for each individual case. Also, it would 
be advantageous to combine such simpler methods with fBM 
to obtain acceptable solutions at less cost, for problems 
involving more complicated mat-'rial model. The variation 
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of uh.^ intoraction with load levol does not appear to have 
be.^n consid 'rad. Also the effect of anisocropy of soil on 
th’ b.jh-iviour of pile group has not been investigated. 

1 ,2.2,3 Pilo-raf t sy st em s 

Tory fev; a^ialyses of pile-reft systems have been 
reported in the literature. For a general analysis, 3-dimen- 
sional finit" element method is required to be used. 

Wherever possible the problf:;m hao b^on idealised as axi- 
symmetrical or plane strain problem (Hoop r (72), Knabe (80), 
Besal (44)). 

Hain .md Lee (6B) have described a m^.-thod of analysis 
of pilo-raft ayrtems, in which raft can bo of finite flexibi- 
lity, It is possible to include the bearing capacity failure 
of piles, fhis method has also been used by Weisner and 
Bro’.vn (144). This method requires determination of a number 
of interaction factors, ilso, if this ra'^thod is to bo used 
for analysis of pile-raft in arbitrarily layered soil or 
anio^*troplc soil, 3-dimensional finite element representation 
of the continuum is required. 

Inabc (80) has described a me+hod of analysis of pilo- 
raft. His method requires discretisation of piles and raft 
and uses th- results of a number of finite element analyses 
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to goTivjrafce flexibility matrix of the systv-'m, Ho-«ov.:r, 
this n';thod can be used for any non-homogrmnous or ani so';.ropic 
soil situations. 

The m'thods of analyses of pile»-raft systems, discussed 
so f'or, require sepa-rate analysis for each individual case 
of pile-raft system. The mv.thod described by Davis and 
Poulos (56), bused on interaction factors of pile-oap units 
may be economical and proferable, if a number of configuration 
of pll'-raft systems tiTv: to b anilysod. This method can be 
used for perfectly rigid or flexible cap/raft situations. 

This appro-v:h has be> :n shown to give satisfactory results 
of settlement by Brown et al (17). An approximate method 
of accounting for bearing capacity failure of pile, if any, 
has also becndescribfd by Davis and Poulos (56). 

Other methods of analyses, which appear to be less 
popul;ir are ’strip superposition mv'tbod’, 'plate on springs 
m'^thod* and ’pl-».t.o on springs and continuum m.-ithod' 

(Brown ct al (17)). 

The effect of non-homogeneity 'Uid .anisotropy of soil 
on the behaviour of pile-raft system does not appear to have 
been studied in detail# Although the effect of aiper structure 
on th-; behaviour of raft foundation has been investigated 
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by many investigators (Lee and Harison (86), Leo -and Brown (85) » 
Wib.jry (142), King .and CJhandrasokiran (77), Majid and Cunnoll 
(87), V/ardlc an*-’ Fraser (140)) the study of interaction of 
sup ' r structure with piled foundations is scanty ( Buragohain 
et al (19)). ilso, the affect of elastic connections 
batwaon sup r structure and foundation (piled or unpiled) 
soil system do~s not appear to have been considered* 

1.3 OBJSOT AM SCOPE 
1.5.1 Object 

Basad on th literature review (See. 1*2), which also 
indicates some of the rire.as in which work is needed, the 
obje ct of th presoni: work is as follows. 

1 . To stUvly the effect of the following on the behaviour 
of pil-.'d foundations. 0 

(a) Flexibility of footing/cap/raft. 

(b) Interface conditions. 

(c) Soil non-homogeneity of different kinds. 

, . (d) Tho anisotropy of soil, 

2,. To study thve complete non-line..ar response of piled 
foundations up to failure. 

3. To dovelop a strai^t forward method to study the 

settlement behaviour of pile group and pile-raft ^sterns, 


% 
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S3t in any linearly elastic soil medium, combining 
'ixi-symmo cric finite* element analysie and tie concept 
of 'interaction factor’ method* 

4. To clcvnlop a 'non-linear int raction factor' mfthod, 
in v/hich the intoraction (factor) c.an also be varied 
depending on load level. (3) and (4) may be useful in 
JTulfilling some of the objectives stated in (1), with 
loss expensive aoraputation. 

5. To study the effect of sup 'rstructuro on the behaviour 
of foundation (piled or unpiled) -soil system, with 
elastic connections between different components of 
the system, 

6. To present the solutions in non-dimensional form, 
over wide range of par.ameters, whe-rever possible, so 
that they may be useful in the design. 

7. To develop some simple formulae for hand calculations, 
for use in preliminary design. 

8. To corapai'e th*^ preforraance of pile-raft and pile- 
footing foundations, with those of free standing piles 
and unpiled raft/footing foundation. 
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1,3.2 Scope of tbe Present ?/ork 
*3.2,1 Jonsti tut ive models used 

For a general parametric study, to high light the 
effect of other parameters, a simpler constitutiire model 
may be sufficient. Any asaimptions other than a linearly 
elastic material for the soil and foundation/structure 
material, would lead to unduly complicated theory, which 
may lack useful generality, particularly when parametric 
solutions ,are attempted. Hence soil and other materials 
have been assum'^d to be linearly elastic in most of the work 
reported in this thesis. However, it must be stated that 
for these solutions to give realistic results, the elastic 
'constants’ that are used, have to be appropriate to the 
particular problem. That is, they may be determined for 
the actual field conditions, from appropriate field tests. 
These constant s may not really be material constants; but 
merely constants of proportionality relating stress and 
strain, in a particular field situation. 

For analysis of progressive deformation upto collapse, 
elastic*- perfectly plastic model with associated flow rule 
obeying von»*Mises yield criterion has been used for most of 
the work, to study the undrained behaviour* Some difficulties 
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that arise, vjhen Tresca and Drucker-Prager yield criteria 
are used, are indicated* 

1*5, 2, 2, ITuniprical techniques used 

For most of the work reported in this thesis axi^synm- 
etric finite element displacement formulation has been used* 
S^adratic isoparrimetric elements have been used to modal 
soil, piles, footing/raft and superstructure. These elements 
are sho;vn to model the flextu^'o behaviour satisfactorily, 
in addition to modelling general elastic behaviour. Standard 
procedures for stiffness ;ind load vector computation wore 
used ( Zlenkicwicjs (152) and Bathe and Wilson (11), Besai 
and Abel (45)). A 'Condensation procedure' was developed 
and implemented in the Computer Program developed for elastic 
analysis. This procedure does not require auxiliary storage 
like tap.‘, ''von for problems involving large number of 
unknowns. Also, this procedure is particularly very 
efficient, whan a numbv r of modifications in foundation/ 
interface/superstructure are to be analysed, for a given 
soil profile, which is the case in most of the problems 
taken up in the present work. 6 noded interface elements 
of zero thickness were also (Buragphain (H))) included in the 
computer program, so that interface behaviour can be simulated. 
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For el'^c-to-plastic analysis also, quadratic iso- 
parametric clonents and 6 noded interface elements were used. 
The non-linc.ar problem was solved using 'initial stress' 
computation technique (Zienkiewicz ot al (155)). 

For analysis of pile group ixnd pile-raft of square 
configuration, 'interaction factor method' (Poulos (107)), 
using the results of axi- symmetrical finite clement analysis 
of single pile and pil'-d circular footing, was used. A 
'non-1 inoar Intciraction factor raf'thod' of analysis is 
developed and 'a hilin.-’ar analysis' has bean used for the 
analysis of pile-raft systems. This procedure can take 
into account th ? variation of interaction with load levels. 

Approximate el as bo -pi a Stic analysis using excess load 
cut-off (Davis and Poulos (56)) was used in some cases of 
pllrd circular footing, for arriving at some approximate 
procedure to take into account the failure of pile in a 
pllc3d circular footing. 

Finite difference representation of circular plate 
and available clastic solutions to model the soil 
( K.ar.ajmarkar (76)) have been used for approximate analysis 
of the effect of superstructure on the behaviour of circular 
raft, by making the raft slope zero at the raft-superstructure 
interface. 
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1.3. 2, 3 Probloras solved 
P iled Oircula r footing 

A pil:’d circular footing of finite rigidity, subjected 
to ty/o typos of axi-syrametrical vertical loading has bren 
considered. Solutions have been obtained, over wide r.ange 
of geometric and material p.arameters. The effects of 
different p.ar.emeters on the behaviour of such piled circular 
footing, have been discussed in detail. The solutions have 
been presented in tcitns of non-dimensional parameters .and 
the same can bvO used in the design of such foundation. 

The use of these solutions has been illustrated by examples, 
which also bring out the comparison of pil-’^d circul-ar footings 
with circular footings and free st.mding pile foundation. 

Based on the results of appro xira it e elasto-plast ic analyses, 
a simplifivid procedure to t;ike into account pile failure, 
if any, has been described. 

The effect of soil non-homogeneity of the following 
kinds, on th^ behaviour of some typical cases of piled cir- 
cular footings, was investigated. 

(a) Young’s modulus linearly Increasing with depth. 

(h) A two layer soil medium in which top soil layer 
is stiffer. 

(c) Non-homogeneity arising due to the effect of 
installation of piles. 
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The effect of these non-homogeneities on the settle- 
ment, load taken by the pile, bending moments etc,, are 
discussed in detail* 

The effect of cross-anisotropy of the soil on the 
behaviour of piled circular footings and also single pile, 
have been investigated. The study has been performed over 
wide range of cross anisotropic parameters, in the case of 

incompressible material (saturated clay in undrained condition) - 

1 

as some simplification occurs in this case, in terms of 
number of anisotropic parameters. Pew results have been 
reported for drained case, to indicate the trends. The 
effect of cross anisotropy on the behaviour of single pile 
and piled circular footing are discussed. 

The above analyses of piled circular footing were 
carried out assuming fully adhesive elastic connections at 
the pile-footing-soil interfaces. Solutions were also 
obtained for perfectly smooth contact at pile-footing-soil 
interfaces. For this purpose interface elements were used 
in con.junction with quadratic isoparametric elements. 

Comparisons have been made between solutions for different 
interface conditions, to bring out the effect of smooth 
or TOUgh contact, on the behaviour of piled circular 
footing. 
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Though SlastO'-plastic analysis of a piled circular 
footing was the main objective, some cases of circular 
footing and single pile v/ere also analysed. In these 
analys.-'S the lo -ding was assumed to be concentrated near the 
centre. The effect of interface conditions, compressibility 
of pile, flexibility of footing and variation of strength 
and stiffness with depth were studied. The effect of these 
parameters on the development of failure zones, collapse 
load bcjhaviour and other design quantities like bending 
moment, load taken by pile etc,, have been discussed. Inter- 
face elements wore used in those analyses to simulate 
smooth or rough interface and also to permit slip, in case 
of skin friction failure, at pile-soil interface. 

Pile -group and Pll e-raft 

An alternate method of computating ’interaction factors’ 
using the results of axisymmetric finite element analysis of 
single pile or single pile-cap unit is proposed. The 
results obtained by this procedure are compared with available 
solutions for some cases. The proposed metlod has been 
used to study the behaviour of pile groups and pile-raft 
systems of square configuration, with perfectly rigid or 
flexible cap/raft conditions. ®ie effect of different 
parameters has been discussed. The effect of different 
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kinds of non*-homogeneities and cross-anisotropy of soil, 
as considered in the analysis of piled circular footing, on 
the behaviour of pile group and pile-raft, have been investi- 
gated, 

The reduction in the 'interaction' as the load on the 
single pile-cap unit increases towards its ultimate value is 
brought out, from elasto-plistic analysis results, A 
'non-linear interaction factor method' in which 
the effect of lo i.d level on interaction Cran be accounted for, 
is described. The methods of obtaining these factors ficra 
field tests or theoretical analysis, for use in the proposed 
method have been explained* A particular case of non-linear 
analysis, namely 'a bili^.ear analysis' has been carried out 
for illustration, in the case of pile-raft systems. 

T he effect o f superstructure rigidity 

Some studies have been carried out using PEM, to study 
the interaction of an axi symmetric superstructure with 
circular raft-soil system and circular pile-raft- soil system. 
Compatible elastic connections have been assumed between 
different components of the system. In most of the cases 
soil has been assumed to be homogeneous, A particular 
case of soil non-homogeneity has also been considered. The 
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effect of flexibility of raft, length of piles, poisson's 
ratio of soil and variation In super structure/ soil stiffness 
on the behaviour of the system, has been discussed. Solutions 
have also been presented in non-dimensional form, for use 
in the desi-pi of certain cases of circular raft and pile-raft, 
considering the effect of superstructure rigidity. Gomparison 
has also been made with an approximate method in which the 
raft slop<^ is made sere at the raft-superstructure interface 
to account for superstructure rigidity. 

O hecks 

The solutions obtained using numerical methods like 
FEM are ’approximate* ones. The accuracy depends essentially 
on the mesh layout in the Cvuse of elastic analysis, whereas 
the accuracy depends on several other factors in the case of 
elasto-plastic analysis. It must be shown that the results 
obtained may be acceptably accurate, so that the computed 
values ma^y be relied upon. For this purpose the solutions 
obtained h ive been compared with available solutions wherever 
possible. Also, the accuracy of the results have been 
ascertained by mesh refinement studies in some cases, A 
static equilibrium check has been carried out in all the 
FBM analyses reported. 
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1,3.3 Organisation of the Thesis 

The work done is divided into six Oh^ ters as des- 
cribed below. In each chapter, the relevant literature is 
hr i 'fly reviewed, in the beginning. Since quantum of 
corriiJU car data generated during this investigation is quite 
large and p.axametric effects to be discussed are quite 
extensive, information available elsewhere is briefly 
menbioned in vievj of the volume of the thesis. However, 
relevant references are cited as far as possible, Analytical 
techniques ere briefly explained. After formulating the 
problem, the comuutod results are discussed in detail. 

Salient conclusions dra^i from the discussion of the results 
are presented at thp* end of each chapter. 

In Chapter 2, elastic analysis of piled circular footing 
under different soil conditions is carried out. The results 
are presented in non-dimensional form for wide range of 
parameters, which ma»y bo used for design. Some examples 
have been worked out. The effect of various parameters 
axe discussed in detail, A simplified procedure to account 
for pile failure is also described. 

In Chapter 3, the effect of interface conditions on 
the behaviour of piled circular footing is studied. The 
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results for anooth contact and adhesive contact are compared. 

In Chapter 4f elasto-plastic analysis of circular 
raft, single pile and piled circular footing has been carried 
out, using von*-Mises yield criterion. Tho effect of smooth 
or rough contact, the compressibility of pile and flexibility 
of footing/raft are discussed. The progressive spread of 
failure zones are shown for most of the cases. 

In Oliapter 5, settlement analysis of pile group and 
pile-raft with square arrangement of piles has been carried 
out. The results of the proposed ’interaction factor 
method of analysis’ are compared with available solutions to 
ascertain the accuracy. A non-linaar interaction factor 
method is described. The results for different soil 
conditions are discussed in detail* 

In Chapter 6, analysis of the interaction of a 
particular type of axisymmetrical superstructure with raft- 
sotl -and with pile-raft- soil systems are studied. Solutions 
are presented in non-dimensional form for some cases. 

Detailed discussion of parametric effects have b^'an 
included. 

In Ohpater 7, the general conclusions and recommend- 
ations for further study are listed. 
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In Appendix A, the ^Oondensation procedure’ used for 
computation in the elastic analysis is described. The 
applicability of this method in geotechnical engineering 
analysis is high-lighted. Certain checks and observations, 
regarding the circular footing and single pile are presented. 

In Appendix 3 and Appendix 0, some studies made on 
the performance of quad.ratic isoparametric elaaents and six 
noded interface elements are presented respectively. 

In Appendix D, some difficulties, met with in the 
conventional ’initial stress’ elasto-plastic finite element 
analysis using Mohr-Coulomb and Drucker-Prager yield criteria, 
are described. 

In Appendix E, details of computation for bilinear 
interaction factor method of analysis are presented. 

In Appendix F, the salient features of computer 
program developed for elasto-plastic analysis are described 
and flow charts are also given. 

Appendix Gr, contains the list of references. 
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BLASTIO a ALYSIS 07 PILE D GIROU LAR FOCTiyG UTOBR 
DIPBSRB^ SOIL POSITIONS 

?.1 INTRODUPTIO!^ 

Addition of piles to raft foundation or independent footing 
significantly reduces the settlement of the foundation. Such 
found’tions in which th^' cap or raft as well as the piles parti- 
sipate in tr;an emitting the load to the soil, may be teimied as 
piled foundation or nile*-raft system. A simple type of 'piled 
foundation*, is a piled circular footing, a detailed study of 
which would help in understanding the behaviour of a general 
pile-raft system. The piled circular footing as it is, can 
also be used as a foundation and it is shown herein subsequently 
to be a possible and economical alternative in many cases. So the 
solutions obtained for such a unit, would also be useful in the 
design of the same. Hence a detailed study of piled circular 
footing under different soil conditions, has been taken up 
in this chapter. AnalysiF of general pile-raft systems are 
discussed in chapters 5 and 6, subsequently. 

Available literature on the analysis of 'piled foundation* 
or pile-raft systems is meagre. Parametric solutions for a 
rigid circular footing with an incompressible pile at the 
centre has been given by Bjuloe (106). Using these solutions 
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The solutions for a piled circular footing of finite 
flexibility, appear to be not available. Also th- influence of 
non-homogeneity end cross- an isotropy does not appe.ar to havo 
been studied. Hence solutions taking into account these aspects 
are presented in this chapter, Gomplately adhesive contact 
has b;.*ni assumed between footing ?uid soil and coraoatible elastic 
connection has be-^n assum"*d between pile head and footing in 
this ch 'pter. Solutions for smooth contacts have boen presented 
in chapter 3, subsequently. 

Parametric solutions hive br-on obtained for wide range 
of geometric and materi il parameters for homogeneous soil 
condition, by PSM, for two types of axi-s.pimetrlcal loadings. 
Oomp.arison is made with available solutions. The effect of 
different peranoters on the behaviour is discussed. The results 
have been tabulated in t^rms of non-dimensional parameters 
and they can be used in the design of piled circular footing. 
Examples havo been worked out for illustration, which also 
bring out the comparison of behaviour of piled circul;:ir footing 
with thocs of unplled circular footing and free standing 
piles, A simplified method of accounting for failure of pile 
is described. Solutions have also been obtained for different 
types of non-homo gen ecus and transversely isotropic soil 
conditions. The effect of these non-homogeneities and 
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synlsotropy "have beon discussed for a number of cases of piled 
circular footings, 

2,2 T)ESaRi:PTION OP THi; PROBLEM 

2.2.1 Gonera l^ 

A typical pilv-'d circular footing is shown in Pig. 2,1. 

In this figure a flexible circular footing (of diamet-^r d^ 
and thickness t) with a single compr -‘ssible pile (of diameter 
d an’ length L) at the centre in a linearly elastic deep soil 
layer is shown, Tv/o axi- symmetrical loadings have been 
considered namely vertical uniformly distributed load q, over 
entire footiig area (denoted as udi id this thesis) and a 
uniformly distributed load q, distributed over a small circular 
area of diameter d at the centre (denoted as concentrat fd 
load in this thesis). 

2.2.2 The P arameters Used 

Tiio following parameters were used in this vjork. 

Young’s modulus of pile and footing material were assumed to 
be equal throughout (denoted as Ep) . 

Poisson’s ratio of footing/pile material ( Vp) = 0,15. 

Relative rigidity of footing (Kj^) =0,01, 0,1, 1, 10 and 100, 
where 

''s ^ a? 


%= Ep (1 


(2.1a) 
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in whicli Sg = Young's modulus of soil 
Vg = PoiEson'G ratio of soil 
t = thicknoss of footing 
a = radius of footing. 

^ • Hom ogeno ous soil 

Length of pile/diameter of pile (L/d) = 10, 25 and 40 

Diameter of footing/diamoter of pile (d^/d) = 5,10 and 15. 

Pile stiffness factor (K) = Sp/Sg = 200,500 and 1500. 

Vg = 0, 0,3 and 0.47. 

^ ^ g*an e ous so 11 

Three cases of soil non-homogeneity were considered 
as described below. 

1. Modulus linearly increasing with depth: 

L/d = 10 and 25 

d^/d * 5 

Pile stiffness factor (K) - Ep/Eg^ == 1500 

where EgQ = Young's modulus at depth (z) equal to zero. 

Young's modulus is assumed to vary with depth as follows. 
(Pig. 2, 19(a)). 


(2.1b) 
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where Z = depth below ground level 

Sg = Young's modulus at depth Z. 

'P - a non»-homogeneity coefficient. 

When P = soil is homogeneous and when P =0, the soil 
is infinitely stiff. 

In the present v/ork P = 2,5, 10 and were considered. 

V g = 0,3 (for all cases). 


2. Layered soil: 

A two Iv-yered soil medium (Fig, 2, 28(a)) with a stiffen 
soil overlying a softer soil was considered, with parameters 
as follows in tha present analysts. 


K 

where 


= Bp/Egg, = 

= 


400 

Young's modulus of top soil layer, 
0.3. 

5 (in most of the cases) 


Egf/Egg ~ 3 10 (in some cases) 


where 


^SB 

d^/d 

L/d 

h/L 


- Young’s modulus of bottom soil layer, 

= 5 and 10, 

= 10 and 25, 

=0,1 to 1,5 where h is the thickness of the 
top soil layer (Pig, 2, 28(a)), 
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3. Soil Non-homogeneity due to the effect of installation 
of pile: 

The effect of installation of piles was considered by 
assuming a disturbed zone around th'^ pile, wh'^re the Young’s 
modulus .nay he different from the original value. A similar 
procedure has been used in the case of single free standing 
pile by Balaam efc al (6). Three different cases were considered 
and thry are listed below. In all the cases d^^/d = 5 and 10 
and Vd = 10 and 40 ?^ere used. 

(a) Stiff clay soil whose modulus around the pile may 
decrease due to the installation of a bored pile, 

Tha assum’d disturbed zone and modulus variation has 
been shown in Fig. 2.37Ca). 

Two cases, denoted as I.| and were considered 
with parameters as follows (Fig. 2, 37(a)). 

Il - 4 ®r/®S V^S "" 

- r-j/rp = 4 Ej/Eg = 0.25 I^/Sg = 500 vg = 0.47 

(b) Soft clay soil whose modulus around the pile may 
increase duo to the installation of a driven pile. 

The assumed disturbed zone and modulus variation have 
bean shown in Fig. 2.38(a)* Two cases denoted as Ig 
and were considered with parameters as follows 
(Fig. 2, 38(a)). 
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l2 3^i/rp = 4 Bj/Es = 2 B^/Eg = 1500 , = o.47 

I5 - = 4 B^/Eg = 4 Ep/Eg = 1500 = 0.47 

Eor casas denoted as I^, I2, and tho disturbed 
zone was assumed fco extend upto radius r^, from the centre 
and tb modulus is at th - pile soil interface and varies 
linearly upto r^ where the modulus is chit of original 
soil. The disturbed zone has been assumed to extend upto 
2,5d or 5 2?^ below thv^ pile tip, where r^ is the radius 
of th^ pilT (Figs. 2.37(a) and 2, 38(a)). r./r was kept 

I p 

equal to 4 in all th* cases. Stiff and soft clay soils 
which are moderately sensitive to the installation of pile 
are represented by cases and I2 respcctiv 'ly. Stiff 
and soft clay soils which are highly sensitive to the 
install ation of piles ar*e represented by cases and 
respectively. The assumed pattern of variation for th'^ above 
cases is based on studies by "DeMellow (51), Skempton (126) 
and D’4i)polonia et il (52), th* details of which have 
been explained by Balaam et al (6). 

Iiooso sand whose modulus around the pile may be more in 
a disturbed zone due to the Installation of a driven pile» 
as shown in Fig. 2.40(a) I This case is denoted as 
The Poisson’s ratio of soil was assumed to be equal to 0.3 
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in this case. The pattern of variation of modulus assumed 
in this case, is similar to the one assumed by Balaam et al (6), 
which is based on the experimental results of Meyerhof (91). 

More sophisticated analysis taking into account the 
effect of installation and also process of consolidation 
is possible (pesai (47)); and such methods can be used in the 
analysis of any spec if Ic field problem. But for a general 
study attempted herein, the approximate method used in the 
present work, is expected to indicate the general trends 
satisfactorily. 

I* Transversely Isotropic Soil 

In the case of a general transversely isotropic or 
cross.-anisotropic soil the deformation behaviour is defined 
by 5 independent material parameters. I*or a material having 
a horizontal plane as the plane of isotropy, which is the 
usual case in many soils, these parameters may be Egy, n, 
and m where 

®SY “ Young’s modulus in the vertical plane 
Egjj = Young’s modulus in the horizontal plane 
n = take values from 0 to 4) 

~ ^oisson’s ratio for effect of vertical strain on 
horizontal strain 

VgH ~ Poisson’s ratio relating the strains in two horizontal 
directions 
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a - Osy/ ®SV 

Ggy = shear modulus tn the vex'tical plane • 

A numb‘'r of cases of incompressible (or undrained saturat'^d 
clays) materials with cross-anisotropic properties and a 
particul.-ir case of fully drained cross anisotropic soil 
were considered with parameters as given below. In all 
the above cases the following geometric and material para- 
meters were used. 

d^/d =5, L/d = 10 and 25, K = Ep/Sg^ = 200 and 1500. 

(a) In-compressiblc materi;iL: 

In the case of incompressible cross anisotrojic 
material the number of independent material constants 
reduces to three. They may be Egy, n and m. The other two 
constants are already known ( \>gy == 0.5 and = 1- n/2 

from Hooper (74)). The following cross anisotropic para'- 
meters were used in this work for computational purposes. 

Bgy 0.5, m= 0.38, n=1, 1.5, 2.5, 3.5 .and 3.98. 

A constant value of m has been used in this work and this 
value is the average value reported for London clay 
(Ward et al (141)). 
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b. Fully drained p.arameters: 

In the undrainf-d case, once the v.iluc of m is kept 
constant, n b-’comes the only oth^r parameter which can be 
varied to study the general effect cf cross-anisotropy. 

Such simplification is not possible in th- drained case, 
as there can be inumerable set of different combinations 
of these parameters. Hence a particular set of drained 
parameters which correspond approximately to undrained 
parameters with n = 2.5 was considered in this work. The 
method of computing these drained pjaramp-ters has born given 
by Hooper (74) and it is based on theoretical considerations 
and observed values of stress path gradients (1%^ and Mj|) . 

The drained p irametors used in the present work were computed 
following the same proerdure suggested by Hooper (74), and 
using the charts given by him. 

The calculated values of these drained parameters assuming 
= 0, = 1 and = 0,38 are as follows. 

n» == " ^*55, m» = 0.78 

(The primes denote drained parameters). 

These parameters correspond to undralned case with n = 2.5 
and m = 0.38, as stated earlier. The values of stress path 
gradients and as aimed are the average values reported 
for London clay (Hooper (74)). 
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2.3 IPIIITS .CLy^YSIS 

footing pile and soil were modelled by 8 noded iso- 
paraiiafcric elements, with quadratic variation of displacement 
in .axtsymm'' crical form. The details of finite element fonriul 
at ion .n?e available in a number of standard text books 
( Zienkie’vic?, (152), Desai ^md Abel (45)) • T'o^."’ numerical 

integration 2x2 Gauss quadrature was used. A ’ Oondensation 
procedure' was used so that problems with large number of 
unknowns can be solved with small computer cor^', A detailed 
descrip .'.ion of this procedure is given in iJppendix A. A 
Oomouter Program 'PRTLAY', developed incorporating this 
procedure, can be used for elastic analysis of general axi- 
symmetrical problems. Provision h.is been made in the program 
to compute and print settlements, differential settlement, 
contact pressures, bending moments, she 3r forces, percentage 
load taken by pile and percentage error from equilibrium 
check, as discussed subsequently. Provision has also been 
made to solve for anisotropic or noH'-homogeneous soil 
conditions considered. 

The description of meshes used, numerical techniques 
for thf^ computation of bending moments, shear force 
and contact pressure, and checks performed to ascertain the 
accuracy have been describ<^d in i£)pendix A. A study of 
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8 noded i sop a': .metric '-"iGmonts usod lierein to model the footing 
also was carried out to assess iics behaviour in bending. The 
results of this study are given in .Appendix 3. From this 
smdy, it is fo’und that those quadratic elements model the bend- 
ing behaviour satisfactorily ev'n with one layer of elements, 
over wide range of aspect ratios as explained in Appendix 3. 

The aspect ratio of •'lements used for representing the foot- 
ing in th’- present work lied in this range, except for some 
stray cases of extremely thick or extremely thin footings. 

The right bund side free boundary was kept at 50d, and 
the bottom rough rigid boundary was kept at 80 d. Three 
different meshes were used for differ nit values of d^/d. i 
typical mesh is shown in Appendix A. The other two mesh?r: 
were similar to the one shown (Fig. A. 1) in the vertical 
direction and it was altered in chs horizontal direction 
for different values of d^/d. The elements vertically down 
the centre were made pile elements or soil olem'^nts depending 
on the value of L/d. The thickness of the footing element 
was changed for different values o f %. Beformation parameters 
of soil and pile/footing elements were assigned depending on 
the values of K and depdnding on the soil conditions 
homogeneous, non-homogeneous or anisotropic) . Hence using 



th-^se thrafl m-^shes results hare been computed and presented 
in this chapter. About 200 computer runs were made for the 
anaL/sis of piled circulrar footing and circul nr footing. In 
each run the results for eleven cases of pill'd footing/circular 
footing were obtained as explained in APPsndix A, ^or each 
case, th’- r-sults of settlement, differential settloment, 
contact pressure, footing b-''nding moments, shear force and 
percentage load transmitted by pile, were obtained. 

Ihe mesh was Dfined at jhe pilo head by increasing 
the number of elements by four tim' s and also v/ith two laynrs 
of elomants for representing the footing. The results of 
settlement, contact pressure and percentage pile lo id were 
found to be affected by less than 0,5 percent by such 
refinement. The results of bending moment was found to be 
affected by about 2 percent except at loc ttions immediately 
above the pile. The adequacy of the mesh was also confirmed 
by comparing the results with available solutions for circular 
raft anrl single pile as discussed in Appendix A. 

The load taken by the pile was computed as follows. 

The load transferred to th^ soil is comput'=‘d by integrating 
the vertical stresses in the top most row of soil olernents 
immediately below the footing, over the entire horizontal 
plane. It is then subs trac ted from the total applied load 
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to get lo d taken by the pile. A static equilibrium 
check was also incorporated in the program, by integrating 
the stresses over the entire horizontal plane below the 
footing. Two point Gauss quadrature was found to bo adequat 
for such integration. The error observed from the said equi 
librium check y/as less than 0.5 percent in all the cases 
considered £^md less than 0.1 percent in most of tho cases. 
This error was found to bo of smaller magnitude for piled 
footing and singl*": pile (less than 0.1 /, ) than circular 
footing, (loss than 0.5 % ), for both loading cases 
consi’''er< d. This is also a useful check on thf- accuracy 
of the n suits. The load taken by the pile may also bo 
computed from tho stresses in the top most pile element. 

The load obtained by such computation was comparedwith the 
load comput* d as explained earlier. The difference was 
found to be very small, as also seen from the equilibrium 
check reported above. 

2.4 HOMOGSNEOUS SOIL 
2.4.1 General 

The results for homogeneous soil condition are given 
in Figs. 2.1 to 2.18 and Tables 2.1 to 2.7, The maximum 
settlements reported are the maximum among the nodal 
displacements at ground level. Maximum bending moments 
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reported are tha a.-dximum araon,*; thi Gauss point values, 
coraput'.d ar> explained in Appendix A. ?rom the results a 
steep va3?iation of bending moment along th :■ footing radius, 
particularly in the case of flexible footing v/ith pile, was 
observed. Hence for some enses (Kj;^ =1) coarse to fine 
technique (Desai and Abel (45)) was used to determinve the 
bending moment at some intermediate points. The trends of 
settlement, percentage pile load, bending moment etc. are 
discussed below, 

2.4,2 Settlement 

Effect of L/d: From Pig, 2.3, it can be ohserv<-id that 

the ratio of maximum settlement of pil' d footing (Spj^) to the 
maximum settlement of unpiled circular footing (Sj^; reduces as 
l/d increases. But larger values of l/d beyond certain limit 
do not bring about appreciable further reduction in the 
settl.iiiicnt, Por smaller values of d^/d, there is more 
reduction and increasing L/d is less effectiv'^, particultirly 
so, for smaller values of Vg* Por smaller values of L/d 
(upto L/d = 25), Ghc effect of Vg is more than the effect 
of K. Por longer piles, the effect of K is more dominant 
than the effect of Vg, 

Effect of dg/d: It was observed that rigid footing with 

shallow piles, subjected to both loadings and flexible footir 
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wifh shallow piles subjected to u.d.l. are not effective 
in reducins the settlement, for larger values of d^/d (>12). 
However with concentrated loading, even shallow piles were 
found to be eff>*'ctive in the case of flexible; piled footing, 
for larger values of d^/d also. 

Effect of The settlement ratio (Spj^/Sp^ ), for some 

typical cases of piled circular footing is shown in Fig, 2.2, 
It can bo observed that for % = 100 (a rigid footing with 
pile), th’ settlement becomes independent of the t/pe of 
loading. For Kp, = 10, the difference in settlement between 
those for u.d.l. and concentrated load, was found to range 
from 2,5 percent to 16 percent for the cases analysed. The 
minimum difference occurred for smaller values of Ij/<i and 
larger values of d^/d and the maximum difference occurred 
for larger values of E/d, analler values of d^/d and analler 
values of '^g. For = 1.0 (fairly flexible footing) 
the difference in settlement ratios was found to vary over 
wide range (from 6 to 80 percent), depending on parameters 
as mentioned earlier. 

It can be observed from Fig, 2.2, that while settlement 
ratio asymptotically increases to rigid footing with pile 
value in the case of concentrated loading, the pattern is 
different for u.d.l. No definite trend could be observed 
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in the case of u.d.l. This can he attributed to the 
difference in behaviour of free raft with u.d.l. and concent*- 
rabed load. However it v/as observed in most of the cases 
(as also seen in Fi^;. 2.2), that there is an optimum value 
(in th range of 0.1 to 1.0) at which the settlement ratio is 
minimum or in o-cber wards provision of pile is most effective 
in reducing tlr' settlement in the case of flexible footing 
subject u!d to u.d.l. The settlement ratio was found to be 
more sensitive to th 2 values of Vg in th^ case of concentr- 
ated loading for all values of and less sensitive to 
in the case of flexible footing with pile subjected to u.d.l. 
This trend is also observed in Fig. 2,2, • 

Qomparison of setticcicnts of piled circular footing, 
single pile and circular footing: The portion of the load 

taken by the pile and the portion of the load transmitted by 
the footing was computed as explained earlier (Sec. 2,3). 

The settlomont of circultir footing and single pile for the 
examplo given below were calculated for the respective proportion 
of the lo id shared. The results arc as follows. 

Piled circular footing; 

(d^/d = 4, L/d *= 8, K = 1500, % = 100, vg = 0.48. 

2 

d = 0,4m, Bg = 1CX)0 t/m . Applied pressure = 15 t) , 
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Load shared by pile 
load shared by footing 
Load transmitted by tip 
Max. settlement 


7.95t 
7*05 t 
0.98 t 

0.47 X 10”^ . 


Circular footing: (d^/d = 4, K = 1500, Kj^ = 100, Vg = 0.4 8) 

Max. settlement (for a load of 7.05t) = 0.35 x 10’”^m. 

Single pile: (L/d = 8, K = 1500, = 0.48) 

Max. settlement (for a load of 7.95 t) = 0.32 x lO^^m 
Load transmitted by tip = 0.69 t. 


Prom tha above calculated values the following obsei>- 
vation can be made. The settlement of piled circular footing 
is 0.47 X 10 m where as the sum of the settlement of single 
pile and settlement of circular footing works out to be 0.67x10 ' ii 
(i.e, 0.35 + 0.32), One of the reasons for this may be that 
in the case of piled circular footing the portion of the 
load transmitled by bottom portion of the pile is more than 
that of sini:jle pile as also indicated by the load transmitted 
by tip of the pile. This example shows the effectiveness 
of piled circular footing in reducing the settlement. Some 
more examples are given in Sec. 2,4.11* 



Comparison v/itli available solutions: 

The settlements computed from the present analysis 
are compared with the solutions given by Poulos (106), for 
rigid footing with incompressible pile in Figs, 2.14 to 2.16. 

For smaller L/d (L/d = 10), the present solution for K = 1500 
and Kr = 100 (rigid footing with fairly incompressible pile) 
agrees closely with solution given by Poulos (106), for 
rigid footing with pile (Fig. 2.14). It is also seen that the 
pile compressibility does not affect the settlement appreciably. 
The effect of fooring flexibility on setuLements is significant 
as seen in Fig. 2.14, For flexible footing with u.d.l., the 
difference between rigid footing solution and present solution 
is more for smaller values of d^/d, whereas for concentrated 
loading it is the other way. 

For larger values I»/d (o.g. L/d = 25) the effect of pile 
compressibility is significant (Fig. 2.15),, There is about 
5 percent difference between present solution for K = 1500, 

Kr =s 100 and and incompressible pile solution 

(Poulos (106)). The difference increases as pile compressibility 
increases. The effect of flexibility of footing can also 
be seen in Fig. 2,15, 

The difference between present solution and Poulos (106) 
solution is more for ''g = 0 (Fig. 2,16) than for '^g = 0,4? 
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(Fig. 2. 15), for the same para^ieters. This indicates the 
effect of completely adhesive contact between footing and 
soil, which is likely to be minimum for Vg = 0.5 and 
maximum for ^ (Hooper (73)).Poulos (106) assumed 

smooth contacc while adhesive contact has been assumed in the 
present work. The effect of adhesive contact increases as 
dg/d increases. In general, the footing flexibility increases 
the normalis'd (normalised v/ith the settlement of free 
standing pile) piled footing settlement (Sjj^/Sp ) whereas tho 
pile compressibility decreases the s.ame* 

2 . 4 • 3 Per c en ta^e Pile Load (PPL) 

For Kp^ = 100, the percentage load shared by pile (PPL), 
was found to be almost same irresp ctive of the type of load- 
ing, as also snen for some typical cases in Fig. 2 . 4 . The 
values of PPL have been plotted against L/d for different 
parameters in Pig. .2,5 • It can be observed that for less 
values of Tj/d the values of PPL, are found to be sensitive 
to the values of V 3 * For larger values of L/d, PPL is 
sensitive to the values of K. The sensitivity of the values 
of PPL to the values of Vg can also be seen in results 
reported in Table 2 . 4 . In Table 2*4, for d^/d = 5, L/d = 10, 

- ■’00 and K == 1500; PPL is 49 for Vg = 0.47 and PPL Is 68 , 

jCENin*. . RRARY, 

4ce. No. A 
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for vg =0* It can be observed in Pig. 2.4, that the value 
of PHi is qui ca sensitive to the type of loading for flexible. 
Pooting-pile (for example in the case when =1). Por 
shallow Piles with larger values of d-/d, subj-cted to u.d.l., 
the effect of on PPL was found to be small. In this case, 
it was found that ■♦here is a slight decrease in PPL with 
increasing beyond = 1.0. The reason for this reverse 
trend may be due to the difference in settlement profile 
for flexible and rigid footing with piles (for rigid footing- 
pile system, minimum settlement occurs near the centre and 
for flexible footing-pilo minimura settlement occurs near the 
edge) • 

2,4,4 D ifferential Settlement 

The ratio of differential settlement of piled circular 
footing ( ^PR) to the differential settlement of unpiled 
circular footing, ( ^R), has been plotted against % for 

some typical cases in Pig, 2,6. It can be observed that 
for concentrated loading the differential sex&leraent substant- 
ially reduces by the provision of piles. This reduction is 
very large for flexible footing. Por u.d.l. the reduction 
is marginal for flexible footing and there is some increase 
in the differential settlement compared to circular footing 
for rigid footing, in some oases (Pig. 2. 6). 
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It \vas observed that the settlement pattern is same 
for circuleJ? footing; and piled circul^ir footing for concent- 
rated loading (maximum at the centre -ind minimum at the edge). 
In the case of u.d.l, it was observed that the maximum 
settlement occurs at the centre for free circul'tr footing and 
maximuri settlement occurs at the edge, for rigid footing 
with pile and at the middle, for flexible footing with pile. 

As dj^/d increases it was observed that th^ maximum settlement 
occurs in cbe middle ev'^n for more rigid footing with pile 
for u.d.l, The differential settlement was found to be more 
sensitive to for larger d^/d and for larger valuCvS of Kj^. 

2.4.5 Bending Moment 

The ratio of maximum bending moment for piled circular 
footing (Mpj^) to the maximum bending moment for circular 
footing (I^) hao b^^en shown for some typical cases in 
Pig. 2.7 (for concentrated loading) and Pig. 2,8 (for u.d.l.). 
In Pig. 2,7, it can be observed that the m-iximum bending 
moment substantially reduces in the case of concentrated 
loading and this reduction is very large for flexible footing 
with pile, comp'^rod to circular footing. This ratio was 
found to increase as increases and was found to approach 
1, for larger values of d^/d with shallow piles. The effect 
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of compressibility of piles (K) was found to be in significant 
for smaller values of L/d. For larger values of L/d, the 
bending moment was found to decrease v/itb increasing values 
of K. The bending moment was found to be quite sensitive to 
Che values of Vg. There is substantial reduction in 
positive bending moment for ~ 0 compared to Vg = 0.47. 

(From Table 2,6 to 2.7 for L/d = 10 and Kj^ = 10, this reduction 
can be seen to be about 43 percent). 

For u.d.l. the pattern is different. There is change 
in sign and also increase in the magnitude of maximum bending 
moment in general, compared to free circular footing, as 
seen in Fig. 2.8, for some typical cases. The bending moment 
ratio is found to be minimum for certain values of Kj^, similar 
to the trend obse 2 '’ved in the case of settlement ratio for 
this loading. The bending moment is positive for circular 
footing and in general negative for piled circul-a? footing. 

As for concentrated load, the bending moment is sensitive to 
the value of vg in the case of u.d.l. also. When Vg = 0, 
the negative bending moment increases by large magnitude 
compared to vg = 0.47, particularly for smaller values of 
L/d (from Tables 2.6 to 2.7 this increase can be seen to be 
about 35 percent for L/d* 10 and Kj^ = 10). 
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2.4.6 Shec*.r go rce 

The ratio of maximum shear force for piled circular 
footing ( Q"^) "to th“ maximum shear force for circular footing 
(Qj^)> has h'; 0 -.i plotted for some typical cases of piled 
circular footing in Pig. 2.9 (for concentrated load) and 2.10 
(for u.d.l.). It can be observed that this ratio is very 
small for flexible footing with pile subjected to concentrated 
loading, indic.iting large reduction in maximum shear force due 
to the provision of piles. This ratio increases as Kj^ 
increases and approaches unity for larger diameter footing with 
shallow pile. For smaller values of gj there is greater 
reduction in sbefir force, compar id to unpil d footing. For 
less compressible pile there is greater reduction. 

In the case of u.d.l. (Fig. 2.10), there is large 
increase (as large as 10 to 20 times in some oases) in shear 
force compared to unpiled footing. 3ut the maximum shear force 
occurs nefir the pile in the case of piled circul tr footing 
wh'^re as it occurs near Tchs edge for circular footing, for 
this loading. 

2 . 4.7 Contact Pressure 

. Unifoimly distributed load: The computed values of 
contact pressure for this loading have been shown in Figs. 2, 11 
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to 2.12., for some typical cases. For rigid footing (%=100), 
and for smaller values of d^^/d, there is large reduction in 
contact pressure, compar-'^d to free circular footing and as 
dg/d increases th* contact pressure tonds to that for free 
circular footing. Larger the value of K (less compressible 
pile), less is th^ contact pressure (Fig. 2.1 2) .For very flexible 
footing with pile, the concact pressure ne.ar the pile is 
considerably less than that for rigid footing with pile and 
steeply increases to applied pressure value at mid radius, 
particularly so for larger values of d^/d (Fig. 2.11), 

Concentrated loading: The computed values of contact pressure, 

have been shown for this type of loading in Fig. 2.1 3, for 
some typical cases. It can be observed that the general 
pattern of cohtact pressure distribution for piled circular 
footing is simil>rr to that of circular footing for = 1 as 
well as for = 100. The magni'uude of con+act pressure 
reduces for piled circular footing. This reduction is more 
for larger values of K (stiff pile) and larger values of 
L/d. 

In*-H .ane Stresses 

The in^plane or membrane forces in radial and tangential 
direction were computed by integrating radial and tangential 
stresses over the entire thickness of the footing respectively. 
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1h'; average v.alu :s of the in*-plane stresses were calculated 
by dividing those forces by the thickness of the footing. 

Those in-plono stresses develop due to adhesive contact 
assumed in th* present vrork. The computed valu''S of these 
stresses have been surarnarises’ in Tabic 2.1 for some cases. 

In the same table the computed v^aluas of maximum bending 
stresses have al^ b-en given for comparison. It can be 
observed that the raiximum in’-plan-'^ stresses are less than 
10 percanj of th'; m.-.iximum bonding stresses in all the cases. 
The in-plane (or membrane) stresses (average), were found to be 
compressive In fcli^ radial direction and tensile in the tang- 
ential direction, in general. The tensile in-plane stresses 
were found to b-) in goneral small compared to compressive 
in-plane stresses, for tho c-ise tabulated. The in-plane 
stresses immediately above pile head, have not been considered 
in the results reported in this section, as that cross section 
might not be a critical cross section, due to th^' presence 
of column and or pile. 

2.4*9 Application in Design 

-dimensional results have been presented in Tables 
, Complete results obtained have been tabulated 
ne the maximum settlement (Tables 2.2 to 2.3) 
vaken by pile (Tables 2.4 and 2,5). The results 
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have "bean presented for wide range of parameters and hence, 
they can be used in the design of piled circular footing of 
any flexibility, compressibility and for certain geometry 
Subjected to u.d.l. or concentrated load. Some results have 
been tabulated to determine the bending moment distribution 
(Tables 2,6 and 2,7). Knowing the load taken by the pile, 
the maximum shear force which occurs near th i pile, in most 
of the cases, can also be calculated. 

Even though th, results prvssented apply directly to 
piled circular footing, they may bo used for square footing 
with pile or square column loading, taking the equivalent 
diameter for th',; same area. 

2,4.10 Simplified^ in Case o f P ile Failure 

The el ■'Stic solutions prosen'^ed are valid only if ol istic 
conditions prevail throughout the soil medium. In some cases, 
particularly when a flexible footing is subjected to concentrated 
loading, the pile load may exc.;ed its ultimate bearing 
capacity. Solution of this problem requires rigorous 
elasto>-plastic finite element analysis, for each individual 
case, Such analysis has been carried out for some cases 
and those results have been reported in Chapter 4* A 
simplified ©lasto-plastic analysis ( excess load cut-off 
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method) described by Davis and Poulos (56) was carried out 
for wide range of geometries assuming pile to be incompre- 
ssible, footing to be rigid and soil to be cohesive (angle 
of internal friction (0) = 0 and Cohesion = G) , A brief 
description of the procedure of this simplified analysis 
is given below. 

The pile and the footing are devided into cylindrical 
and annular elements respectively. The soil is modelled by 
Boussenesq’s or Mindlin's equations. The flexibility matrix 
for soil is generated. The equations are solved using 
the boundary conditions and satisfying the vertical displace- 
ment compatibility to get the displacement and pressures at 
the interfaces. In case the pressure at any interface 
exceeds the yield value, at that point, the pressure is 
kept constant at the yield value and resolved untlll 
pressures at all the interfaces are less than or equal 
to the yield value. The analysis is carried out for incre- 
ments of load to get the load-settlement response. 

The results ofthe above analysis for four different 
cases of piled circular footing have been shown in Pigs, 2,17 
and 2.18. It is observed that in all the cases (whether the 
pile is dominant (i.e. D/d = 25, t^j/d = 5) ; or the footing 
is dominant (i.e. D/d - 10, d^/d = 10); or the pile and the 
footing of equal dominance (i.e. D/d = 10, d^/d = 5 and 
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L/d = 5, 4c/d = 10)), a bilinear approximation with limiting 
load (P-|)» as givan by equation 2.2, fits closely with the 
lo ad- sett lament curve, obtained by the simplified elasto- 
plastic analysis, over th) normal working load ranges. It 
was found that the proposed bilinear approximation also fits 
well (except near collapse), with elasto-plastic fini+o 
element analysis using von Mises yield criterion, discussed 
in Chapter 5 and Sec. 5. 2. 2. 3. 

= (U3G + U3G X 100/PPL)/2 (2.2) 

whore 

= limiting load (as in Pigs, 2.17 and 2,18)* 

UBC = ultimate bewaring capacity of pile. 

PPIi = percentage load shared by pile (can be obtained 
from Table 2.4 and 2.5). 

The essential features of the proposed bilinear 
approximation are, 

1. Upto a load P-|f the system acts as piled footing. 

The slope of the load settlement curve for this 
portion corresponds to that of piled footing. 

2, Beyond P^f the system acts as unpiled footing. The 
slope of the load- settlement curve for this portion 
corresponds to that of unpiled footing. 



61 


A similar bilinear approximation has been describfid 
by Davis and Poulos (56), for a gon jral pila>-raft. But they 
have assumed = UBG, which can be sean to predict 
(Pigs. 2,17 and 2.18) about 15 percent hi^er settlement, 
compared to the present procedure, for the cases considered. 

As p.-^r the idealisation suggested, the maximum settle*- 
ment of piled footing taking into account the failure of pile 
can bo computed as 

S* = Ig d P^/Eg A+ (P - P^) I*/a (2.3) 

in which 

S = maximum settlement of piled footing. 

Ig = settlement influence factor for piled footing 
(from Tables 2.2. and 2.3) 

d = diameter of pile 

P^ = limiting load as defined by eqation 2.2. 

A == area of footing for u.d.l. or area of cross-section 
of pile for concentrated load. 

Eg - Young's modulus of soil 

P - total applied load 

#• 

Ij^ = maximum settlement of unpiled footing under unit 

pressure acting over entire footing area for u.d.l. 
or over the pile area for concentrated load. 

(Gan be obtained from Pig. A.5, Appendix A). 



62 


In Eqn. 2.5, P-] is to be alv/ays less than or equal 
to P. If P^ exceeds P, the behaviour is entirely in the 
first portion and th-^ value of P^ may be taken as equal to P. 

The equation 2.3 can be conveniently used in the case of 
concentrated loading, for computing maximum settlement since 
the maximum settlement occurs at the centre for both unpiled 
footing and piled footing. However, for u.d.l., if pile 
failure occurs, computation of maximum settlement after 
superposition as in Eqn. 2.3 becomes difficult, since maximum 
settlement of pil^d footing may occur ;anyv7hero in the span 
depending on different parameters. In this case maximum 
settlement will have to be computed after superposing the 
settlement distribution due to piled footing action and 
unpil^d footing action. Eqn. 2,3 can be used in this case for 
approximate assessment of maximum s'^ttlement. 

2,4-*11«1 Example 1 

Calculations for piled circular footing and circular 
footing of different diameters and stiffnesses were 
carried out using the results of the present analysis, for 
the data given below . 

Total applied load = 25 t 
UBG of a pile 4 m long and 0,4 m diameter = 20 t. 
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2 

Young's modulus of soil (undrained Eg) = 200t/m 
Pile s^iiifness factor K = 1500 
Poisson's ratio of soil (undrained vg) =0.5 
Poisson's ratio of soil (drained Vg ) = 0.3 

f o 

Young's modulus of soil (drained Eg ) = 173.4 t/m 

( Assuming she-'r modulus ia constant) 

Relative rigidity of footing = 1 or 100 

Pimeater of footing = 2 m or 4 m 

loading - A total lo id of 25 t may be distributed over 
circular area of diameter = 0.4 m at the centre (concent- 
rated load) or distributed over entire footing area (u.d.l.). 
The maximum allowable settlement = 4.5 cm 
A circular footing of 2ni diameter may be assumed to have a 
safe bearing capacity of 25 t. 

The calculated values of settlement, maximum bending 
moment, differential settlement, percent pile load, and 
maximum she.ar force, have been tabulated in Table 2.8a, for 
different cases of circular footing and piled circular footing 
considered, for both drained and undrain^d conditions and for 
both loading cases^ Prom this table the following observat- 
ions can be made. 

Both rigid (Kj^ = 100) and fairly flexible (% = 1) 
unpilsd circular footing with a diameter of 2m, do not satisfy 
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the settlement restrictions. But provision of a 4 m long 
pile reduces the settlement to permissible limit. Unpiled 
footing 4 m diameter satisfies the settlement restriction 
but un economic. 'il in terras of volume of concrete. It appears 
that it m iy be economical to use a pile rather than increasing 
diameter or rigidity of footing to reduce the settlement. 

More rigorous cost an.alysis is required to ascertain th.3 
economical aspect. Further the following observations can be 
made from Table 2,8a. 

In the c.-»se of concentrated loading there is large 
reduction in settlement and differential settlement for 
fairly flexible footing with pile and fair reduction in 
settlement for rigid footing with pile, compared to unpiled 
footing. Th re is substantial reduction in bending moment 
and shear force for both rigid and fairly flexible footing 
with pile, compared to plain footing. This would enable the 
design of thinn'r section and hence may bo economical. In 
general there is increase in pile load as drainage occurs 
to a smaller extent for flexible pilod footing (about 6 percent) 
than rigid piled footing (about 10 percent, comparing 
FBI for Vg = 0.47 and Vg = 0,3). The reduction in total 
settlement (drained) is more than the reduction in undrained 
settlement. The possible reasons for this are, 
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1 . The l.oad transmitted by pile is more for smaller 
value of vg. 

2* The settlement of pile is less for less values of v^. 
Tbo settl:.ment of circular raft is more for smaller 
values of Vg. 

In the case of u.d.l., there is fair reduction in 
settlement and differential settlement. The bmding moment 
and shcir force increasG, compared to unpiled footing. In 
general provision of pile is less advantageous for this 
loading then concentrated loading. 

2,4.13.2 3xample 2 

The effectiveness of piled circular footing in reducing 
settlement, compard to unpiled circular footing was shown by 
a comparison in Example 1, Soma more comparisons of settle- 
raont and bearing capacity are made with free standing pile's 
and circular footing in Table 2,8b. It can bo obsorvod that 
the settlement of piled circular footing and that of two or 
three numbers of free standing piles are within permissible 
limits, indicating that provision of piles is effective in 
reducing the settlement. However, when free standing piles 
are used, they do not provide required bearing capacity, 
whereas piled circular footing satisfies bearing capacity 
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requirements also. Gomparing tlie bearing capacity of 
single pile anc" circular footing, it can be noted that 
circular footing provides bulk of the bearing capacity in 
the piled circular footing. 

It may be noted from expression for elastic settlement 
(Eq. 2 . 4 ) that the settlement of rigid circular raft reduces 
inversely with diameter, whereas the volume of the material 
increases as cube of the diameter (for same Kpj^) as in Iq. 2,5 
for Kj^ = 100. 

S* = P(1 - v| )/4 d^Eg (2.4) 

Volume = 0.157 d^ (for data in Table 2.8b) (2.5) 

But undrained bearing capacity increases as square of the 
diameter. Further, it is shown in Sec. 4.4. 2.2 that the 
be<aring capacity of circular footing is fairly insensitive 
to Kj^ in the range of 1 to 100, wher as the settlements 
are quite sensitive to values in this range (Fig. A.5). 
Hence tho circular raft is efficient in providing the 
bearing capacity and loss efficient in reducing the settle- 
ment. So it may bo concluded that tho pile reduces the 
settlement effectively and the footing provides the 
necessary bearing capacity in a piled circular footing. 

This makes this combination an efficient type of foundation 
for trananitting the load safely and without excessive 
deformation* 
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The comparison was made for undrained condition* 

The fficicmcy is expected to increase further for drained 
condition or sandy soil as ohserved in Example 1, regarding 
settlement and as ohserved by Knabe (79), regarding bearing 
capacity. This type of foundation with a pile v;ith enlarged 
base, is expected to be still more effective. 
expected that shallow piles may be more cost effective due 
to loss piling cost. However, model studies and d-tailrd 
cost analysis are requir“d to further confirm the observat- 
ions made herein. 

2.4.12 Conclusions 

From the elastic analysis of piled circular footing 
sot in homogeneous soil following conclusions can be drawn. 

1. The footing flexibility and pile compressibility 
for longer piles (L/d > 10) affect the behaviour 

of piled footing significantly and hence may affect 
the behaviour of pilo-raft systems. 

2. For u.d.l. on a flexible piled footing, there is 
an optimum rigidity of the footing at which the 
system is most effective in reducing the settlement. 

3. Provision of pile significantly increases the 
magnitude of the bending moment and shear force in 
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the case of u.d.l. i^nd substantially reduces bending 
moment and she.ar force in th? case of concentrated 
loading. 

As Vg reduces to 0 from 0,5, there is large increase 
in th .2 magnitude of bending moment in the case of u. 4 . 1 , 
and there is large reduction in bending moment in the 
case of concentrated loading. 

5. In many c ’SOS piled footing may be economical compared 
to unpiled footing and free standing pile group, for 
a given permissible maximum settlement. Such piled 
footing of certain geometry can be designed using 
the non-dimensional charts presented herein and pile 
failure if any can also be taken into account by the 
method described in this chapter. 

2.5 NOlT-HOMOGEJfflOUS SOIL 
2.5*1 General 

Often soil is found to be non-homo geneous. In actual 
cases it may be multilayered and (or) the stiffness may vary 
arbitrarily in the vertical and horizontal directions. Eor 
the purpose of this study, three types of non-homogeneities 
have been considered, the details of which have been given 
in Sec. 2,2.2, Oase 1 refers to a soil for which the Young’s 
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modulus linearly increases with depth. Case 2 refers to a two 
layer soil medium in which a stiffen soil layer (with modulus 
Bgg,) overlies a softer soil (with modulus Egg). Case 3 
refers to th^ soil non'-homogeneity due to the installation 
of pile. The effects discussed herein, -although directly 
apply to a piled circular footing --they also iniicate the 
general trends that may he expected in the case of a general 
pile-raft system. 

^*5*2 Case 1 (Young’s Modulus linearly increasing with depth) 

The soil model assumed for this case has heon given in 
Pig. 2, 19(a). The details of parameters defining non-homo- 
geneity has boon given in Sec. 2.2.2. The effect of this 
type of non-homo reneityjon th^^ behaviour of piled circular 
footing are discussed. 

Settlement; When subjected to both (u.d.l. .and concentratod 
load) loadings the non-homogeneity of this kind reduces the 
settlement of piled circular footing substantially (as low 
as one fourth of that for homogeneous soil in some cases), 
the reduction being more for concentrated loading (Pig. 2, 19(b) 
and 2.20). It can also be observed that for concentrated 
loading non-homogeneity reduces the sensitivity of settlement 
to footing rigidity. The ratio Sp^/S^ tias been tabulated 
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It can be observed for longer pile (I//d = 25), the 
difference in PPL for = 2.5 and ^ = 10, is very small. 

On in other words, for longer piles the non-homogeneity 
does not hav significant effect on PPL, after certain limit- 
ing value of . 

In the case flexible footing subjected to u.d.l., 
the behaviour is different, Por very flexible footing with 
pile, there is a decrease in the value of PPL due to soil 
non-homogeneity of this kind. The magnitude of this decrease 
is more for L/d = 25 than L/d =10, At Kj^ = 100, an increase 
in PPL is noted (Figs,2Jl and 22 ^ ). The value of at 
which the change from decrease to increase takes place, in- 
creases with increasing value of L/d. Prom the limited 
studies carried out herein, it appears that the load carried 
by pile is sensitive to non-homogeneity if pile and footing 
are of equal dominance. 

Bending moment: The computed values of maximum bending 
moments are shown in Pig. 2.23 (for u.d.l.) and Pig, 2,24 
(for concentr 'ted load), for different parameters. In 
Pig, 2.24, it can be observed that for concentrated loading, 
the maximum bending moment is reduced by the soil non-homo- 
geneity for all values of and both values of L/d. This 
reduction is signif icantly more for L/d = 10 than L/d = 25, 
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for rigid footing with pile. However for flexible footing 
with pile (% = 1 .0) , there is substantial reduction in 
bending moment for both values of L/d, due to soil non- 
homogeneity. lYir magnitude of this reduction is more than 
50 percent, compared to homogeneous case. 

In the case of u.d.I., the pattern is different, as 
observed in the case of settlement and PHj previously. The 
trends for flexible footing with pile is different from the 
trend for rigid footing pile systems. Tor very rigid footing 
with pile non-homogeneity increases the magnitude of the 
bending moment for this loading. This increase is substantially 
more for L/d = 10 than L/d =25. ?or flexible footing with 
pile, there is reduction in the magnitude of the bending 
moment. The change from decrease to increase takes place at 
CL,- particular value of Kj^ depending on L/d and ^ . This 
value of Kj^ at which the curves cross each other, is more 
for L/d = 25 and less for L/d = 10. 

Differential settlement: The computed values of differential 
settlement have been presented for = 0.1, 1 and 100 and 
for both loading cases in Table 2.9b to indicate the effect 
of non-homogeneity. For concentrated loading, it 
can be observed that there is substantial reduction in 
differential settlement as degree of non-homogeneity 
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increases (as tp decreases). This reduction is more for 
more flexible footing-pile system than a rigid one. In 
the case of u.d.l. no definite trend could be observed. 

There is increase in differential settlement due to non-homo- 
geneity in some cases and decrease of the same in some 
cases. 

2.5.5 Case 2 (Two layer soil medium) 

The two layered soil medium in which a stiffen 
layer over lies a softer layer was considerf^d for the present 
analysis. The soil model is shown in Fig. 2, 28(a) and the 
details have been given in Sec. 2,2,2, The effect of 
different parameters on the behaviour of piled circular 
footing in such soil medium are discussed below. 

Settlement: 

The computed results of settlement for piled circular 
footing and circular footing set in the two layer soil 
medium considered have boon presented in Figs. 2, 25(a) and 
2,26. The settlement ratio (Spp^ boon plotted 

against h/L in Fig. 2.25 (b), where h is the thickness of 
the top stiff soil layer. From this figure it can be 
observed that the effectiveness of the pile in reducing the 
settlement is minimum (or S pj/Sp is maximum), when h/L 
is between 0.4 and 0.7, in all the cases considered. As 
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h/L inoraases or decreases, settlement approaches the 
value,, corresponding to homogeneous continuum (Pig. 2.25(b)). 
When h/l increases it approaches homogeneous continuum value 
gently whereas when h/l reduces, it approaches steeply. It 
can also be observed from Pig. 2.25(b), for concentrated 
loading, the value of h/l at which the settlement ratio is 
maximum, increases as increases (comparing the peaks for 
different values of K^^) • In the case of u.d.l., no such 
definite trend is observed, ikiother observation that can 
be made in the case of concentrated load is that, the 
sensitivity of the settlement ratio to the value of Kj^, 
increases as h/L increases (comparing the settlement ratios 
for different values of h/l and Kr). In general, the piled 
circular footing is less effective for this type of non- 
homogeneous soil compared to homogeneous soil, in reducing 
the settlement. 

Percentage pile load: The values of percentage load 

transmitted by pile (PPL) is shown in Pigs. 2,27 to 2.30, 
for different parameters. It can be observed that if the 
pile is dominating (for example d^/d = 5 and L/d = 25), the 
values of PPL are not significantly affected by the value 
of h/L (or in other wards by this type of non -homogeneity) 
as seen in Pig. 2.28. In this case, the maximum effect of 
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this type of non-homogeneity on PPL is about 15 percent* 
However if the footing is dominating (d^/d = 10, It/d = 10, 
Pig, 2,29), the values of PPL, are quite sensitive to the 
values of h/L. In this case it is highly sensitive if the 
footing is . rigid = 100), for which case the maximum 

effect of h/L on PPL is found to he more than 50 percent. 
However, for flexible footing-pile system, this effect is 
less (less than 20 percent). It can also be observed that 
there is a particular value of h/L at which PPL is minimum 
(Pigs, 2.27 to 2,30). If the pile and footing are of more 
of less equal dominance (d^/d = 5, L/d = 10 and d^/d = 10, 

L/d = 25 in Pig. 2.27 and 2.30), the non-homogeneity has 
fairly significant effect on the value of PHi. In all the 
cases, the value of PPL is minimum for h/L.i:::0,6, Per 
more(or less) than this value, the value of PPL approaches 
homogeneous continuum value. If h/L is less, it approaches 
the homogeneous continuum value steeply and if h/L is more 
it approaches gently. The sensitivity of PPL to the values 
of S^/Esb» also shown in the Pig. 2.27, for a particular 
value of h/L. 

Bending moment; The values of maximum bending moment have 
been plotted against % in Pig. 2, 31(a) (for u.d.l.) and 
2, 31(b) (for concentrated load), for some cases. It can be 
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olDServed that the bending moment substantially reduces 
8-s h/Tj reduces, in the case of u.d.l. (Fig. 2, 31(a). In the 
case of concentrated load, there is significant increase in 
the value of bending moment due to this type of non-homogeneity 
(Fig. 2.31(b)). 

In Fig. 2.31(a), it can be observed that the value of 
bending moment is minimum for h/L =0.5 and 0.4 for I>/d = 10 
and 25 respectively, for u.d.l. The effect of this type of 
non-homogeneity on bending moment is less pronounced for 
L/d = 25 than for b/d = 10. For h/l = 0.1, the behaviour is 
sensitive to the value of For flexible footing-pile 

systems the bending moment tends to be maximum for this value 
of h/b, for L/d = 10. 

In Fig. 2.51(b), it can be observed that there is in 
general, increase in bending moment as h/l decreases, compared 
to homogeneous soil case (h/L = 1.5). If the footing 
is rigid (Kj^ = 100), the value of bending moment is less 
sensitive to the presence of soft soil layer below (maximum 
effect is less than 20 percent). However for flexible 
footing-pile system, the value of bending moment increases 
by more than 50 percent compared to homogeneous case (h/L = 1.5). 
The value of bending moment is maximum for h/L =0.1 for 
flexible footing-pile system. For rigid footing-pile system. 
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the value of "bending moment tends to "be maximum when 
h/L = 0.4 to 0.5. 

Vifhen = 10, (also shown in Fig. 2.31), there is 

no significant change in bending moment compared to Sg^/Egg = 5 
for h/L = 1, except when footing is very flexible and subjected 
to concentrated loading. For d^/d = 10, L/d = 10 (footing 
dominating), it v;as found that the effect of non '-homogeneity 
was substantially more than the case shown in Fig. 2.31a, 
for u.d.l. In general, it may be stated that the bending 
moment is quite sensitive to the presence of soft layer 
below a top stiff layer, in the case of u.d.l. for all values 
of and in the case of concentrated load on fairly flexible 
footing-pile system. 

Differential settlement: The computed values of differential 

settlement have been tabulated in Table 2.10, for some cases. 

In the case of u.d.l., the differential settlement is found 
to be minimum for h/L = 0.4 or 0.5, for both l/d = 10 and 
Tj/d = 25, for all values of K-^. In the case of concentrated 
loading, the trend for flexible footing-pile system is 
different from the trend for rigid footing-pile system. For 
a rigid footing-pile system, (% = 10), the differential 
settlement is maximum for h/L = 0.4 or h/L = 0.5, where as 
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for a flexible footing>-pile system, the values of diff- 
erential settlement decrease with increasing h/X. In 
general from th'e computed values shown in Table 2.10, it 
can be inferred that the differential settlement is quite 
sensitive to this typo of non-homogeneity. 

3 (3ffect of installation of pile) 

General: As mentioned in Sec. 2.2.2, Case 3 refers 

to the non-homogeneity arising due to the installation of 
pile. Different cases of such non-homogeneities considered 
have be m designated as l2» and Iq refers to 

the homoguioouES soil condition. and refers to a 
stiff clay, in which the installation of a bored pile is 
assumed to change the modulus around the pile as shown in 
Fig. 2. 37 (a) I2 and refers to a soft clay, in which the 
installation of a driven pile is assumed to cause modulus 
variation as shov/n in Fig. 2, 38(a). refers to a loose 

sandy soil in which installation of a driven pile is assumed 
to cause modulus variation around the pile, as shown in 
Fig, 2.40 (a), 

Percentage pile load: The computed values of percentage 

pile load (HPL) have been shown in Figs. 2.37 to 2.40, for 
different cases considered. It can be observed that the 
installation of pile increases the values of PPL in the case 
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of soft clay and reduces the values of PPL in the case of 
stiff clay, for all values of K|^, in th^ case of concentrated 
loading (fig. 2.57 to 2.59). Such an incr ase or decrease 
is found to be m-ixiraum for = 100. Percentage increase 
or decrease is more for shorter pile and larger value of d /d 
than longer pile and smaller .value of d^/d. Or in other 
wards |he effect of installation is more significant if 
pile is less dominant, for the extreme case of and 
(for stiff clay and soft clay respectively), in which cases 
the soil is highly sensitive to thr Installation of pile, 
the pila load is affected by about 20 to 22 percent due to 
the installation of pile, for h/d = 10. When l/d = 40, the 
effect of installation is significantly reduced. The effect 
is roughly one fourth of that for l/d =10. 

When subjected to u.d.l., the effect of installation 
of pile in stiff clay or soft clay, shows some reverse trend, 
for flexible foo ting'-pile system. There is some increase 
in pile load if tihe modulus around pile is less (stiff clay) 
and there is some decrease in pile load if the modulus 
around the pile is more (soft clay), (Pig. 2.37 to 2.39)* 

This reverse trend is maximum when L/d is more and d^/d 

is less. Such a reverse trend is not observed for 

d^/d = 10 and X/d = 10 (footing dominating) as seen in Pig. 2. 39. 
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The valua of Kj^ at which tho reversal from increase to 
decrease (or decrease to increase) takes place shifts towards 
= 100, as 1/ d increases and d^/d d'^croases (i.e. as the 
pil3 he com os mor: and more dominant), as seen in Figs. 2.37 
to 2.39. 

The effect of installation of driven pile in loose 
sand can be seen in Fig. 2.40. In this ca,se there is, in 
general an increase in pile load due to pile driving. The 
trends are similar to that of soft clay, discussed earlier. 

The reverse tre.id mentioned abov:; are less pronounced, in this 
case than in th-' case of soft clay. 

Settlement: The viluos of settlement ratio (Spj^^/Sj^), have 
been plotted against Kp, in Figs. 2.32 to 2.56, for diffci'cnt 
cases. In gcieral, it is observed that the settlement 
increases or decreases duo to the installation of pile 
depending on whether modulus reduces or increases respectively, 
compared to homogeneous soil condition (Iq). The effect of 
installation on s.- ttlcmont is maximum when the loading is 
concentrated and the footing is flexible. In the case of 
u.d.I., it is observed that the effect of installation is 
minimum for %= 0.1 to 1, v/here the settlviment ratio 

itself is minimum (Figs. 2,32 to 2.35). The maximum effect 
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of installation observed is about 25 percent for Ii/d = 10 , 
dg/d =5, and Kj^ = 0.01 (Fig. 2.35). For any practical 
case of Kj^ the effect is still less. For loose sand 
(I^) trends similar to soft clay are observed (Fig. 2.36). 

The effect of installation on the settlement of single 
free standing pile was also studied using the same method 
of analysis. The results have been tabulated in Table 2 . 11 , 
It is observed that the effect of installation on settlement 
decreases as the length of pile increases. This effect for 
1 /d == 40 is about one half of that for l/d = 10, in all the 
cases. The reason for this may be that the proportion of 
the disturbed zone in the pressure bulb, reduces as the 
length of pile increases. It may also be observed from 
Table 2 . 11 , that the effect of installation on settlement 
for cases I^ and I^ are approximately double of those 
for I^ and I 2 * v/hich indicates that when ^ 1/23 is 
doubled or halved, the percent difference rou^ly gets 
doubled. 

Bending Moment; The ratio of the maximum bending moment 

taking into account the effect of installation to the maximum 

bending moment for homogeneous soil (Mj/Mjq) , has been 

plotted against K , for different cases in Figs. 2,41 to 

R 

2,43. The following general trends can be observed from 
these figures. 

The effect of installation on bending moment is less 
for larger values of Ii/d and analler value of d^/d. In 



other wards, the effect is less if the pile is dominating. 
Por concentrated loading, the effect of installation is 
minimum when the footing is rigid whereas for u.d.l. the 
effect of installation is maximum for such rigid footing-pile 
system. 

Prom Pigs, 2.41 aud 2,42 it was observed that maximum 
increase or decrease in bv;ading moment due to installation 
is about 60 percent. Maximum decrease is for the case 
with = 0,1 and maximum increase is for case with 
% = OJ, both for L/d = 10 and for concentrated load. For 
u.d.l. the maximum change in bending moment due to install- 
ation of pile, observed is 40 percent, for rigid footing- 
pile system, for the cases and I^. In Ghe case of u.d.l. 
in some cases (Pigs. 2.4I and ,2.42) ther; is some change 
from decrease to increase or increase to decrease in the 
values of bending moment compared to those for the case 1^, 
as changes from 0.1 to 100. This trend is similar 
to the trends observed earlier in the case of PPL.. 

differential settlement: The effect of installation of 

pile on differential settlement is shown in Table 2*12, 
for dg/d = 5 and l/d == 10, which indicates the effects for 
bored-pile in stiff clay, driven pile in soft clay and 
driven pile in loose sand. It can bo observed in Table 2.12, 



that for stiff clay tli:- differential settlement substantially 
increases when subjected to concentrated loading and this 
incre<ase is more for =0.1 than i:p_ = 1 . When subjected to 
u.d.l., there is significant reduction in differential vsettlement 
due to th': installation of a bored jpile, and this reduction 
is more for K|^ = 1 than K|^ = 0.1. In the case of soft clay, 
th-'> trends are reverse of the trends observed in the case 
of stiff clay. In the case of loose sand, thvi eff: ct of 
installatioa of driven nilr is to increase the differential 
settlement for u.d.l. and reduce the different i;il settlement 
for concentrated loading, as observed in th. case of soft 
clay. In general th.‘: magnitude of these effects is 
unto about 30 percent, except for cases l^ and I^ in which 
cases soil is highly s.ensitivo to installation. 

2.5.5 Gonclus ions 

From the elastic analysis of pil^^'d circular footing, 
set in soil exhibiting different types of non-homo gone it ies, 
the concluslbhs that ra-sy be drav/n are listed below. 

Pas o 1 : (Soil stiffness linearly increasing with depth) 

1. Provision of pile to reduce the settlement of circular 
footing is signif icantly more effectivve for this 
case of nonhomo gon ecus soil than homogeneous soil, 
particularly when the footing is fairly flexible and 



loading is concentrated. In the case of flexible footing 
v^ith pile, subjected to u.d.l., there is som.e optimum 
value of non-homogeneity coefficient ijj , at which provision 
of pile is most effective in reducing the settlement of 
circular footing. 

The load shared by pile is fairly sensitive to this typo of 
non-homogeneity, the sensitivity being more for rigid footing- 
pile system. 

The values of ra.aximum bending moment arfd different i.al settle- 
ment SLibsta itially reduce comp.ar d to those of homogeneous 
soil condition, in th^- case of concentrated loading. When 
subjected to u.d.l., the trends of moment and differvential 
settlJ’mont observed for rigid and flexible foofcing-Dilo system 
are different. 

e 2; (A two layered soil medium) 

In general, provision of pil" is less effective in reducing 
the settlement of circular footing, for this type of non- 
homogeneity and its effectiveness is observed to be minimum 
in the range of values of h/h between 0.4 and 0.7, 

The percentage load shared by pile, is minimum for h/l in 
the range of 0.4 to 0,7. If the footing is flexible, the 
value of percentage pile load, is less sensitive to this tjrpe 
. of non-homogeneity. 



3. Thrs values of bending moment and differential settlement 

are quite sensitive to this typo of soil non ^homogeneity. 
In general, maecimum bending moment and differential 
settlement reduce in the cas.; of u.d.l. and increase in 
the cas'; of concentrated load for fairly rigid footing’- 
pile system. 

Ca se 3' (Effect of Installation of pil.os) 

The values of settlement and load shared by pile are 
not very sensitive to this type of no n -homo gene ity, 
except when soil is highly sensitive to installation of 
pile (cases and I^) . Hov/ever the values of bonding 
moment and differenti.'ii settlement .are fairly sensitive 
to this type of non-homog. 2 ncity even if soil is moder- 
ately sensitive to installation of pile (cases Ig 
and I^) . 

The effect of installation of single free standing 
pile, on the s.ettlement decreases with increasing values 
of Tj/d. This trend is roflected in th" behaviour of 
pil.-;d ciTcul<ar footing. 

2.6 TRMSVERSEI.Y ISOTROPIC SOIL 
2.6.1 G-.ni eral 

The cross-anisotropic parameters used in the 
present analysis have been explained in Sec. 2.2.2, 
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Por a cross anisotropic incompressible material, a number of 
cases were considered covering the possible range (n - 1 to 4 -) . 
for tlie drained case a particular set of anisotropic para- 
meters were used, as exolained in Sec. 2.2.2, Results were 
obtained for free standing single pile also, as no informat- 
ion appears to be available about the effect of cross- 
anisotropy on the behaviour of single pile. As in the 
pre 7 ious cases, solutions were obtained for a number of cases 
of piled circular footing and circul;ar footing. Ihe computed 
results are discussed below. 

2.6.2 Single Pile 

Incompressible Material.: The results of surface settlement 

of single pile has been plotted against 'n' (Esh/JSsv^ 
different values of L/d and K, in Tig 2.44, for incompressible 
material. It can be observed that the effect of cross 
anisotropy for values of n > 1 , is to reduce the settlement 
compared to isotropic soil condition. (n=1) . The rate of 
change of settlement with respect to n is found to reduce 

h 2.5 and chen increases. It appears that for the 
limiting value of n equal to 4 , the settlement tends to 
zero, for all values of L/d, as in the case of surface 
loading (Hooper ( 74 )). For shallov; piles (L/d = 10), the 
reduction in settlement due to cross anisotropy is more, 



87 


than that for longer piles (L/d = 25). for n = 2.5, K = 20 
the reduction in settlement compared to homogeneous soil 
(n = 1), is 33 percent, 19 percent and 13 percent for 
L/ d = 0, 10 and 25 respectively, showing that the effect o 
cross anisotropy decreases with increasing length of pile. 

It c.an be observed that for values of n upto about 3.5, the 
curves for K = 1500 and K = 200, are almost parallel to 
each other, for both L/d = 10 and L/d = 25. This shews 
that the reduction settlement due to such anisotropy is not 
sensitive to pil*- compressibility for the values of n in 
the ran.'h of 1 to 3.5, Th"’ theoretical solution given by 
Hooper (74), for surface circul.^r loading (L/d = 0) on 
elastic continuum has also b'^en rhown in Fig. 2.44, for 
corap.'irison . 

For larger values of n (> 2.5), it was found that the 
numerical solution was more sensitive to the type of right 
hand side boundary and th--'' value of Vgy used. Hence 
for th-'se values of n, 0.4’)9 was used. (In most of the 

cases analysed a value of VgY= 0.47 has bopn used). 

The results obtained with res:fericted right hand side 
bouhdary, has also been shewn in Fig. 2.44, for L/d ~ 25 and 
K = 200. 
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Brained condition: A particular set of drained cross 

anisotropic parameters corresponding to undraihed parameters 
with n = 2«5, was considered as explained in Sec. 2.2.2. 

The relation between undrained and drained parameters for 
isotropic and cross anisotrooic soil, is as follows 
Hooper (74). 


For iso-uropy: (Prime denotes drained parameter) 
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For cross anisotropy (Hooper (74)): 
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From th;. above expressions for tha paraneters used in the 

! 

present analysis ( n = 2.5, n' = 3, '^g|.j -'-0.55, 

Vg (isotropic) 0.5). The following relation is obtained. 
For isotropic soil* 

For cross anisotropic soil considered: Egy = Egy/2, 

The computed values of settlement using these values of 
modulii for undrained and drained conditions, are compared 
in Table 2,13, for som.-; cases of crossi-an iso tropic soil. 
From this table it can br S'^en that reduction in totcil 



(drained) settlement due to cross anisotropy is considerably 
less than the corresponding reduction in undrairp d settlement, 
for the cases considered. Cr in other yfirds cross-anisotropy 
increases the proportion of consolidation part of settlement. 
Simil.ar observations have bean made in tb ' case of circular 
raft on similar soil by Hooper (74), in his analytical 
study. 

Stress distribution around pile: The results of stress 

distribution around the pile were obtained for incompressible 
material having different degrees of anisotropy using mosh 1 
(Pig. 4.1 in Chapter 4). The mean normal stress 
(om" around the pile has been plotted 

against depth (z), in ?ig. 2.45 for different values of 
cross-anisotropic paroraeter n, for a pile with L/d = 8 and 
K = 500. It can b'= observed that the values of are 

quite s'^'nsitive to the value of n, near the tip of the pile 
and top region of the pile. When n approaches the limiting 
value of 4, the value of increases to very large values. 
The magnitude of would have some significance in non- 
lineor analysis in which the deformation par,am8ters 
depend on Hence, in such analysis, the anisotropy 

of the kind considered herein, might have some significant 
effect on the behaviour of pile. 



The variation of octahedral shear stress ( 
with depth ( z) , has been plotted for different values of 
n, in Fig. 2.45. It c;an be observed that the values of 
Tqq^ are less s^^nsitive to cross anisoSropy (or the values 
of n) in comparison to the effect on except for n = 3.91. 
Earlier it was observed that the settlement is affected 
by cross-anisotrop7 raai’ginally upto n = 2.5. The reason 
for this mav be that shear stress distribution around the pile 
is not very sensitive to th^ value of n upto 2.5, which is 
indicated by che study of stresses now. 

2,6.3 Piled Oircular Footing 

Settlement: The results of settlement computed for different 
cases of cross-aniso tropy considered have been presented in 
non-dimensional form for different parameters in Figs. 2.47 to 
2,50. It call be observed, for u.d.l. (Figs. 2.47 and 2,48), 
as well as concentrated load (Figs. 2.49 and 2.50), 

■|he general effect of cross-anisotropy for the cases 
considered herein, is to reduce the settlement. The magnitude 
of this reduction increases with increasing n values. 

In Fig. 2.48 (b), it c.m be observed that the S - n 
curves for = 0.1 and = 100 and for K = I5OO and 
K = 200 are parallel to each other, indicating that the 
reduction in settlement due to cross anisotropy (for u.d.l. 
and dg/d = 5 cud l/d = 10) is fairly independent of the v.al\B s 



of K and also %• In rig. 2.48(a) such curves for Kj^ = 0.1 
and = 100 are fairl-y parallel for K = 200 and the curves 
are not parallel for K = 1500, indicating that if pile is 
fairly dominaiit the reduction in settlement is sensitive 
to the values of In lig. 2,47 and 2.48, it can he 

observed that v;hen n approaches the limiting value of 4, the 
settlement reduces by v'Ty l-arge amount and these settlements 
are almost independent of K and V<3-‘ It is also observed 
for n 'Itr: 4., the settlement is insensitive to values of 

For concentrated loading the results of settlement have 
been or-'sented in Pigs. 2.49(a) and 2.50. In Pig. 2.49(b), the 
values of settlement have been plotted against the value of n. 
Per this loading it can be observs'd that for n in thv range 
of 1.5, the effect of Kp, is slightly less pronounced than 
other value of n, for both L/d = 10 and L/d = 25 (Fig. 2. 49 (b)) . 
AS n approaches th..; limiting value of 4 , the settlement becomes 
almost independent of l/d for Kp_ = 100; but for % = 0.01, 
the value of L/d still has significant effect on settlement 
even for n ^2;=:. 4. 

It can bo observed that the reduction in drained 
non-dimensional sottlcrnont (S Eg/qa) due to the cross- 
anisotropy is slightly more than the reduction in undrained 
case (comparing the difference in settlement for Rq and R 2 
with that for Rq and R 2 in Pigs. 2.47 to 2 . 5 O). But 



it is to "be noted that the relation between drained and 
undraincd modulii are different for isotropic and aniso- 
tropic cases as discussed in prevloiis section. If the 
modulus is substituted and the actual settlement compared, 
the. reduction in total or drained settlement due to cross 
anisotropy is found to be significantly less than the 
correspo .iding reduction in undrained case (referring to 
Table 2.14 *- for undrained case the reduction in sVq.d is 
about 20 percent and the corresx^onding reduction for 
drained case is about 6 percent). 

In table 2.14, the settlement ratio (Spj^/Sj^), has 
been compared for different values of n between 1 and 2.5. 

It can bo observed that the effect of cross-anisotropy 
on the settlement ratio for undrained as well as drained 
cases is small (less than 10, percent in most of the cases), 
for both L/d = 10 and 25 and for both Kp = 0,1 and 10 
for both cases of loading. In the drained case the effect of 
cross anisotropy is to reduce the settlement ratio and 
in the un drained case it is the reverse. However, for 
n = 3!. 5, it was observed that the settlement ratio was 
significantly different from that for isotropic soil and 
when n approaches the limiting value of 4, the piles become 
completely in-effective in reducing the settlement (In this 
case the settlement ratio approaches unity). 
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Percentage pile loadt The computed values of percentage pile 
load (PPL), have been presented in Pigs. 2,51 to 2.55, for 
different parameters. Por incompressible material th^ values 
of PPL reduce V'/ith increasing n, in all the cases. This 
reduction is smcill for n upto about 2.5, and for n greater 
than 2.5 the values of PPL reduce . by large amount as can 
be seen in the Pig. 2.51(b). It can also be observed in 
Pig. 2.51 that thr value of PPL is less sensitive to 
anisotropy (or the valu ,- of n) , for concentrated loading 
than u.d.l. (Por = 1 , PPL is 82 and 77 for n = 1 and 3.5 
respectively for concentrated load, whereas ppL is 54 and 36 
for u.d.l., for th'-' sarao n values, in Pig. 2,51), iJnoth'-r 
observation that can bn made in the Pig. 2, 51 (b) is that 
for both 100 and = 1, and for both cases of loading 

the PPL - n curves for L/d = 10 and 25 are almost parallel 
to each other in the range of n between 1 and 2,5, indicating 
that the reduction in PPL is fairly independent of L/d, in 
this range of n-values. 

In Pig. 2 . 53 , for drain-’d condition, it can be 
observed that th' ro is increase in the value of PPL for 
concentrated loading for all values Kg_ and a mixed trend 
in the co.se of u.d.l. depending on values. However, 
the effect is small for the parameters considered herein. 



Bending moment; The values of maximum footing bending 
moments (Max5.mum among the values computed at Gauss points), 
have been plotted against in Pig. 2.54 (for u.d.l.) and 
Pig. 2.55 (for concentrated load), for a particular piled 
(L/d = 10, d^/d = 5 and K = 1500) circular footing, for 
different values of anisotropic parameters. It can be 
obsoirved from Pig. 2,54 that the values of maximum bending 
moments reduce with increasi'ng values of n and this 
reduction is small (less than 20 percent) for n upto 2.5. 

Por n » 3.5> there is largo change in bending moment. The 
effect of cross anisotropy for fully drainv^d case is also 
to reduce the v.alue of bending moment for flexible footing- 
pile system the reduction being more for very flexible 
footing-pile. However, if th'O footing ie rigid (Kj^ > 10), 
the cross anisotropy tends to increase the value of bending 
moment for drained case. 

In the case of concentrated loading and incompressible 
material, the cross-anisotropy increase the value of bending 
moment. The effect is insignificant for flexible footing- 
pile system (Pig. 2.55) and for fairly rigid footing-pile 
(Kj^ = 10) also, the effect is small (about 13 percent for 
n = 2.5). This trend is consistant with the trend of PPI 
observed earlier. Por fully drained condition the effect is 
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slightly mor.;- than undrainad condition and the effect is 
significant for both flexible and rigid footing*-pile system 
in contrast to undrained case. (Fig. 2.55). 

Stress distribution around pile: The distribution of 

with depth is shown in Fig. 2.56, for different cross- 
anisotropic parameters, for a particular piled circular 
footing. It is observed that tho effect of cross-anisotropy 
is to increase the v-:iluo of , as previously observed in 

th^ case of single pile (Sec. 2,6.2), but to a smaller 
extent in this case than the previous case. 

The distribution of "^oct shown in Fig. 2.57 for 
piled circular footing considered. It can be observed that 
the effect of caross-an isotropy is to reduce the value of 
in general as previously observed in the case of 
single pile. However in the top onefourth length of the 
pile, no definite trend is observed. Comparison of '’‘^oct 
distribution around the pile for piled circul'ir footing 
(Fig. 2.57) and single pile (Fig, 2.46) reveals that the 
shear stresses in th-’ top region are very small in the 
former case compared to latter case, for both isotropic and 
cross anisotropic soil conditions. 

The contact pressure distribution has been shown in 
the Fig, 2.57(b). It can be observed that the contact 
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pressure increases with increasing value of n, particularly 
near th^ edge. For n = 3.99, the contact pressure increases 
to a lai’ge value, indicating that almos'c the entire load is 
transmitted by footing. This is consistent with the 
trend observed in the values of PPL earlier. 

2,6.4 aonclusio ns 

From the trial, ysis of piled circular footing and single 
pile set in cross anisocroUc soil the following general 
conclusions can be drawn. 

1. In the case of single piles, th''^ effect of cross 
anisotropy is to reduce the settlement for the 
range of parameters considered. This reduction reduces 
with increasing values of L/d. The reduction in 
settlement compart’d to isotropic case is fairly inde*- 
pendont of th'^^ values of K, for n in th-:' range of 
1 ro 3*5. For the limiting value of n = 4, the settle- 
ments appear to tend to zero. The reduction in total 
(fully drained) settlement due to cross anisotropy 
is signific-antly less, compared to undrained settle- 
ment for thn range of parameters considered. The 
distribution of Ojjj near the tip is found to be 
q,uite sensitive to cross-anisotropy in the case of 
incompressible material. 
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2. The settlement of piled circular footing significantly 
reduces due to the cross anisotropy, in the range of 
parameters considered herein. This reduction is 
consideraoly more in the case of uridrained condition 
than drained condition. The settlement ratio 

is not affected much (less than about 10 percent), hy 
the cross anisotropy, for n upto 2.5. Hence the 
effectiveness of provision of pile in reducing the 
settlement of circular footing is not very much diff- 
erent from that for isotropic case, in this range 
of n. 

3. The percentage load shared by pile in a piled circular 
footing reduces with increasing values of n for 
incompressible material. The reduction ivS small upto 
n = 2 . 5 . Hor the limiting value of n = 4, almost 
entire load is transmitted by footing. 

4 . The values of bending moment in a piled circular footing 
subjected to concentrated loading, increase by a small 
atnount (less than 15 percent) due to the cross 
anisotropy, in the undrained case. There is some 
reduction in the bending moment due to cross-anisotropy 
when subjected to u.d.l., except for rigid footing-pile 
system, in which case there is some increase in 
bending moment. 
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5. The shear stress distribution in the top regioa ol 
pile is significantly less in thf’ case of piled 
circular footing, compared to single free standing 
pile, for both isotropic and cross-ansi so tropic in- 
compressible material. The effect of cross-anisotropy 
is less pronounced on the distribution of in the 

case of piled circular footing than single pile. The 
contact pressure increases due to cross anisotropy 
in the case of incompressible material, particularly 
so near th ^ edge of the piled circul<ar footing. 


TABLE 2.1 IH-PL£TS STRESSES AI'^L BEI'ILTPG STRESSES 


Diamater of footing/diameter of pile = 5 
Pile stiffness factor (E) = 1500 
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For Unit uniform pressure over 
For Unit uniform pressure over 


entire footing area, 
pile area. 
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Gontd. lable 2,7 
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T^LE 2.8 a COiL?.ffiISOIf OE PILED FOOT IDE AI'TD IJNPILBD 

FOOTING 


a 

vg = 0.47 

(undraine 

d) b - 

■ '^S 

0.30 (drained) 


Descri- 

Type of 

Raft 1 

Piled 

Raft 1 

Piled 

Raft 2 

Raft 2 

Ption 

loading 

Kr= 1 

raft 1 

Kj^=100 

raft 1 

Kj^=100 


Kj^=100 

M.aximum 

udl. 

5.28®- 

„ . 

3.61 

4.90 

3.40 

2,64 

2.45 

Settle- 


6.59^ 

4.48 

6.13 

4.01 

3.30 

3.07 

ment 

Gone. 

7.20 

3.75 

4.90 

3.40 

3.67 

2.45 

S* cm. 

load 

8.60 

4.35 

6.13 

4.01 

4.39 

3.07 

Differ- 

udl. 

0.62 

0.34 

»— 

X— 

0.31 


ential 


0.59 

0.57 


- 

0.30 


Settle- 

Cone. 

Lo ad 

3.2 

3.5 

0.93 

0.88 

>— 


1.60 

1.75 

)W. 

ment 








A^cm_ 








Maximum 

udl. 

0.42 

-0.90 

0,58 

-1.11 

0.42 

0.58 

Bending 


0.41 

-1.10 

0.48 

-1.35 

0.41 

0.48 

Moment 

Gone . 

4.00 

1.36 

5.20 

2.22 



M t m/m 

Load 

4.00 

1 .07 

4.96 

1 .80 




Maximum udl. 0.98 4.52 1.32 9.1? 0.98 1.32 


Shear 


0.97 

1 — 

5.42 

1.24 

10.20 

0.97 

1.24 

Force 

Gone. 

18.8 

3.12 

20.00 

10.40 

18.80 

20.00 

Q t/m 

Load 

18.9 

2.83 

20.00 

8.60 

18.90 

20 .00 


Percent udl. 0.00 41.0 0.00 49.00 0.00 0.00 


Load 

0.00 

47,0 

0.00 

59.00 

0.00 

0.00 

Taken by ^ 

Pile ■/ 
ppL_/ 

0.00 

0.00 

67.0 

73.0 

0.00 

0.00 

49.00 

59.00 

0.00 

0.00 

0.00 

0.00 

Thickness of ^ 
footing cm 

9.50 

9.50 

44.00 

44.00 

19.00 

88.00 

Diameter of - 
footing dg cm 

200 

200 

200 

200 

400 . 

400 

Length of 
pile L m 

0 

4.00 

0 

4.00 

■ 0 

0 

7olume of 3 
concrete 

0.30 

0.80 

1 .40 

1.88 

2.38 

11.1 
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T,.BIE 2.81d COI*'IP,miSOIJ OE PILED POOTIHG WITH OTHER TYPES 

OP POUHLiTIOHS 

Datas 0 ^= 10t/ra^, d = 1m, Eg = 500 t/m^ 

= 0.5, K = 1500, L/d = 10, Kj^ = 100 

2 

d^^/d= 5, q = 10CDt/m , Factor of safety against 

shear failure = 2 

Permissible settlement =4.5 cm. 

Gone, load - q over circle of dia. d at centre. 


Description 

Single 

Pile 

Circular 

Footing 

Piled 

Circular 

Footing 

3 Free 

Standing 

Piles 

Settlement 

cm 

5.50 

6.00 

4.25 

1.83 

Bearing 

Capacity^ 

t/ra2 

490 

1575 

200 2 

1470 

Volume of 
material^ 
m 

7.85 

19.63 

27.48 

43.18 

a - calculated as 

3 sum of 

bearing capacity 

of pile and 

footing 


area in contact with soil, for piled circular footing, as 
discussed in Sec. 4.4.4. 1. 

b - Calculated assuming unifoimi thickness for footing or cap. 



I 1 4 


TJSLE 2.9a SBTTLBMSIIT RATIO (S^/S^) RON-HOMOGSREOUS SOIL G.ASE 1 

dc/d =5 vg = 0.3, K = 1500 


L/d 

{ 'f' 

f 

1 

1 i 


10 

T''Tfj^=W~ 


r 

! 

t 

{ udl. 

f 

{ Gone. Load { 

t ^ ! 

udl. 

{Cone .Load 

f 

■» I . JLf u II JJU ciU. 

1 

I 

f 

10 

OO 

0 ,666 

0.465 

0.658 

0.616 

0.646 


10 

0.577 

0.324 

0.5 27 

0.467 

0.500 


2.5 

0.543 

0.209 

0.430 

0.337 

0.377 

25 

OO 

0.500 

0.276 

0.427 

0.377 

0.400 


10 

0.434 

0.157 

0.302 

0.234 

0.257 


2.5 

0.463 

0.114 

0.287 

0.188 

0.215 


T A3LE 2.9Td LIFFBRSFTI 4L SETTLMETvIT ( Apj^) 
NON-HOMO GBNEOIIS SOIL - CASE 1 

dg/d =5 '^S " ^ 


^PR ^SO 
qa 



'T 

f 

f 

r 

f 

f 




; udi. 

I 



IConc. { udl. } Gone. \ udl. I Gone. 
{Loa d { ___ {Load 1 j Load 


10 “ 13.79 77.40 7.S6 41.50 1.78 7.20 

10 15.05 52.57 9.28 30.26 2.16 6.43 

2.5 13.94 29.97 9.60 19.33 2.48 4.66 

25 «> 20,32 38.61 12.08 21.64 2.70 4.40 

10 19.91 23.48 12.63 14.08 2.96 3.11 

2.5 15.98 16.19 11.30 10,74 2.95 2.67 


For udl. the values tabulated are I^ x 50 

For Gone, load the values tabulated are I^ x 5000. 
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DIEPERENTiJiE SETTZWMm ( IjCfERBD SOIL 

d^/d =5 L/d = 10 and 25 ^ 

Vg= 0.3 = (A Bs5,)/qd 


L/d 

h/L 

J t 

t 

f 

0 • i 

% = 

1 .0 

" I 

10.0 

I UCil 

i ^A 

Gone. Load 

I^ X 100 

udl. 

Ia 

Cone . Lo ad 

I^ X 100 

udl. 

Ia 

Cone . 

Lo ad 

I^ xlOO 

10 

0.1 

0.676 

10.852 

0.269 

4.127 

0.067 

0.624 


0.5 

0.352 

7.145 

0.149 

3.590 

0.048 

0.663 


1 .0 

0.545 

5.111 

0.508 

2.732 

0.081 

0.525 


1.5 

0.630 

4.526 

0.567 

2.452 

0.093 

0.475' 

25 

0.1 

0.931 

5.069 

0.499 

2.410 

0.114 

0.409 


0.4 

0.718 

3.995 

0.431 

2.175 

0.107 

0.417 


1.0 

0.875 

2.977 

0.535 

1.669 

0.130 

0.322 


1 .5 

0.902 

2.832 

0.552 

1.592 

0.133 

0.308 


TiBLE 2.11 


Maximum se 


EFFECT OF INSTALL fflIOE ON SETTLEMENT OF SINGLE FREE 
STjtTOING PILE * * 

Ig = s Sg/ia 

ttlement influence factors (lo) have "been .qiven in Table 

O 



L/d 

Considering 

Homo geneous 

Percent 

Description 

effect of 

soil (I ) 

Differenc 



installation 

U 


K = 500 

T 

10 

0.137 

0.116 

+18.1 

Vg = 0.47 1 

40 

0.0693 

0.0630 

+ 10.0 

K = 1500 -r 

10 

0.0935 

0.1110 

- 15.4 

Vg = 0,47 2 

40 

0.0426 

0.0471 

- 9.7 

K = 1500 

10 

0.0915 

0.1070 

- 14.1 

Vg = 0.3 ^3 

40 

0.0414 

0.0449 

- 8.8 


10 

0.162 

0.116 

+39.7 






K= 1500 , 
vg = 0.47 I 5 

10 

0.0815 

0.111 

if " 

-26.2 
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TIBLE 2.12 


d^/d 


SI'l'SCT 0? IITS'riI.L,a’I0¥ OS’ PILE OIT DIPPERSETIil. 

s-m^LmEm ( A ) 

= 5 L/d = 10 lA = AEg/qd 


Pe script ion 
of soil 


Jinstailation 


= 0.1 

udl. Cone. Load 


% 


udl. Cone, load 


Stiff clay 
( Bored pile) 
K = 500 
0.47 


^0 


■4 


Soft; clay 
(Driven pile) 
K = 1500 
0.47 


S 


Loose Sand 
(Driven pile) 
K = 1500 
c= 0.3 


•0 



A xlOO ! 

I^ X 100 

0.474 

4.840 

0.252 

2.551 

0.435 

6.311 

0.168 

3.102 

0.369 

7.822 

0.104 

3.611 

0.483 

4.491 

0.238 

2.332 

0.498 

3.240 

0.289 

1.815 

0.457 

2.291 

0.309 

1.382 

0.690 

3.870 

0.393 

2.075 

0.771 

3.025 

0.461 

1.672 

SETTLBMBiTT OP 

SINGLE 

PILE - 

CROSS 


MISO'TROPIG SOIL 


■•SY 


1 




The computed values of S / q.d are given in Table 


L/d 


IJn drained 


SV 


0.5 


Drained 


V r= 0 
SV 


n=1 


n 


2.5 / reduction ifI n=3 reduction"/^ 


10 

25 


0.110 

0.062 


0.086 

0.051 


23 

18 


0.137 0.127 
0.075 0.074 


7.3 

1.5 


TJhdrained parameters *- m = 0.38 
V QY - 0*5, Vsir''~^/2» n = 2.5 


Drained Parameter’s - m’=0.76 
(Corresponding to 


above undrained 
pqxameters) 


V 


n'=3, 


SH 


=-0.55 




-.■Q 


fo I tn 
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Ti31B 2.14 GOMPiRISON OP SETTLMENT >- EPPBCS) OP GROSS- MI SOTROPP 

d^/a =5, K = 1500 
Gross anisotropic paxameters: 

Undrained - Vgy = 0.47, = 1-n/2, m = 0.58 

Brained - = 0.00, = .O. 55 , ‘ m.=o.76 


(a) Settlement Ratio =( Spj^/Sj^ ) 



I 

! 

I 

f 

I 

T 

% = 

0.1 ! 

f 

II 

0 : 

.0 

L/d ; n 
1 
t 

1 

o*r *n ^ I— 


! 



1 

t 

JUJI * 

udl. 

Gone, load ! 

1 

udl. 

Gone .load 

10 

1.0 

0.633 

0.309 

0.715 

0.683 

(undra- 

1.5 

0.638 

0.304 

0.721 

0.686 

ined) 


(1) 

(2) 

(1) 

(0) 


2.5 

0.675 

0.523 

0.764 

0.725 



(7) 

(5) 

(7) 

(6) 

25 

1.0 

0.513 

0.179 

0.477 

0.433 

( undra- 

1.5 

0.519 

0.179 

0.489 

0.441 

ined) 


(1) 

(0) 

(3) 

(2) 


2.5 

0.554 

0.196 

0.542 

0.489 



(8) 

(9) 

(U) 

(13) 

10 

(Drained) 

1.0 

0.640 

0.245 

0.600 

0.548 

S.O 

0.622 

0.223 

0.560 

0.503 




(9) 

(7) 

(8) 


Ch) sVqr” 

for SgY = 

1 



10 






(undrained) 1 .0 

2.391 

0.103 

2.151 

0.087 


2.5 

1.863 

0.084 

1.687 

0.069 



(22) 

(19) 

(22) 

(21) 

10 

1.0 

3.901 

0.129 

3.227 

0.120 

(drained) 3.0 

3.900 

0.122 

3.033 

0.115 



(0) 

(5) 

(6) 

(4) 

Pigures 

in bracket 

is the Percent change due 

to cross 

anisotropy 
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LOAD CASE 2 m q 

-L 

rj mm^9t 


LOAD CASE1 

Es,Ep.?s.*7p - 


Young’s modulus 

and Poisson’s 
ratio of soil 
and pilc/footing 
material 



-Diameter of footing 
d -Diameter of pile 
L -length of pile 
a -Radius of footing 
t- Thickness of footing 
q- Applied uniform 
pressure 


Fig 2*1 The Problem 
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^=IS, p=1500, 7s =0-47 
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^=10, |E=15C]0, 7s=0-47 
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^=10,||=1500,7s-0-3 


^=5.|E=500, 7s=0-47 
d Es 

^ 5, p =1500, 7s = 0-47 
d Es 

^=5, 11=500, 7s=0-3 
^=5,P=l500.7s=0-3 
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Ff9.2'3 Settlement Vs L/d 
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Fig.2'4 
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Fig-2'6 Differential Settlement 




Fig.2-7 
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Moment Vs Kr 




L/cl=25,7s=0 

L/cl = 40,7s=0-3 
L/d=25,7s = 0'3 
L/d=40,2s = 0-47 

L/d=25,'?s=0-47 


L/d=1 0,7s =0-3 


L/d =10.7s=0-47 
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Flg.2-9 Shear Force 
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d^/d=5 

udl 


L/d=AaEp/Es=500,7s=0-3 


-L/d=A0,Ep/Esr150afe(>3 
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Fig*2*12 Contact pressure distribution (udl ) 
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Fig.2-13 Contact pressure distribution 
(CONC. LOAD) 




SpR/Sp 


131 



5 10 15 

dc/d ► 

Fig.^14 Comparison with rigid raft incompressible 
pile solution 
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‘-Rigid raft 
incompressi bl« 
pile 

(Poulos ,106) 
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Fig. 215 Comparison with rigid raft 
incompressible pile solution 
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Fig. 2.23 Max. banding momant Vs Kf)(non^hofiio«soil)j 
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Fig. 2.24 Ma*. bending moment Vs K|it (non-homo. soil 
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F)9.2.26 PH«d clrcutor footing In two layor toll modlum* 
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Fig. 2.33 Sottiamont rotio Vt Kr (effect of instoUation ) • 















Fig. 2. 38 Effect of tnstatlotion of piU. 
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Fig. 2. 39 P«rc«nt pit« load V» Kp (ftffttct of instdUafton) . 
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Pig. 2.40 Effect of instattation of pile (loose sand) 
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Fig. 2.43 Effect of installation on bending moment. 





Fig. 2.44 ScHlemmt Vs n (cross onisotroptc soil). 
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Tensile oin/q xtOO Compressive 


Fig. 2*45 Mean normal stress$%} around single pile, 
(cross-anisotropic soil) . 
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Fig. 2.46 loct distribution around pile (cross anisotropic 
soil). . 
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Fig. 2.47 Settlement Vs Kf) (cross onisotropic soil)* 







Fig. 2. 46 Settlement Vs K|:^ (cross^an Isotropic soH). 



qa 











dc/d 



Rq - Isotropic 
R| - Oirl.S 
R 2 — n*2.5 
Rj — n* 3*5 





Fig. 2. 51 percent pil<t load Vs Kp (cross' anisotropic soil). . 
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*ig.2.53 PPL Vs Kf) (cross-anisotropic soil). 
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Fig. 2.56 CTm distributiort around piled circular footing 
(cross anisotropic soil) 
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Fig. 2. 5 7 ^ distrlbullon for pllod circular 

fooling (cross-onisotropic soU). 
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0? SMOOTH INTaR:gig]il PIT THE BEHAVIOUR 01 
PILED OIROULiR POOTIUGS 


3 . 1 lETRODUCTIOE 

Most of the analyses of pile-raft reported (Davis and 
Poulos (56) » Hain and Lee (68), Butterfield and Banerjee (23) 
and Brown et al (18)) assume.,' smooth contact Between soil 
and raft. They have assumed sliding hall type connection 
between pile head and raft satisfying only vertical dis- 
placement compatibility. Hooper (72) has analysed a particular 
case of pile-raft system assuming completely adhesive contact. 
Oomparison between smooth contact and adhesive contact would 
indicate the implications of these assumptions. k general 
pile-raft system is not amenable to such a compardtive study, 
as the number of parameters become too many. Since a 
compressible pile with an attached circular cap of finite 
rigidity forms a typical unit of a general pile-raft systpm, 
a study of such unit would indicate the general trends that 
may be expected in a pile-raft system, ilso, it was shown 
in Chapter 2, that such a unit by itself is a possible 
alternative type of foundation and solutions for adhesive 
contact were presented therein. In this chapter, some 
solutions have been obtained for smooth contact between soil 
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and raft and also between pile head and raft, for this unit. 
Oomparison is made with solutions with adhesive contact 
assumption. Few solutions for pile-raft systems using the 
interaction factors for smooth contact also, have been 
presented in Chapter 5 (Sec. 5. 6. 1.3). The adhesive contacts 
referred may also be termed as compatible elastic connections 
between different components of the system. 

3.2 FINITE EIEIENT 

Initial trials were made with 4 node.d axi symmetric 
linear continuum elements to represent circular raft and 
soil and 4 noded interface elements (Goodman et al (65)) in 
axisymmetric mode (Desai (49)), to model the raft-soil 
interface. The number of elements representing raft was double 
the number of 8 noded elements used in the analysis reported 
in Appendix A. It was found that bending moments were over 
predicted by about 18 percent when 4 noded elements were used, 
compared to those obtained using 8 noded elements, which 
agreed well with Brown's (15) solution (Appendix A). Hence, 
it was decided that it is preferable to use 8 noded elements, 
to model the behaviour of different components, namely soil, 
raft and pile and 6 noded interface elements to model the 
interface behaviour, Besai (48) has also suggested the use 
of such higher order elements, when flexibility of structure 
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is uo be considered. Panda et al (105) have also stressed 
the superior performanco of these parabolic elements. 

The 6 noded Interface elements used, has been described 
by Buragohain et al (20). This element is isoparametric and 
of zero thicloaess with parabolic variation of displacements 
in the direction of interface. Buragohain et al (20) had 
used numerical intergration for the computation of stiffness 
matrix of these joint elvements. In the present work the 
integrations wore performed in closed form for straight sided 
joint elements (Vijayan (138)), which can be used along with 
straight sided continuum elements, mother possible and pro- 
mising alternative to the zero thicloiess interface elements 
used, is 8 noded ’thin elements’, described by Besai (46) and 
Pande and Sharma (105). 

The computation procedure, checks performed and method 
of computation of bending moments, contact pressure, percent 
pile load etc. have been described in APPendix A. A study 
carried out on the performance of these interface elements, 
has been discussed in Appendix G, wherein it is shown that 
the use of 6 noded joint elements gives satisfactory 
results, including the stresses in th<^ vicinity of the 
interface, and also the values of normal and shear stiffness 
for getting satisfactory results have been obtained therein. 
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The mesh used is similar to one given in Fig. A. 1, in 
Appendix A. The mesh was refined near the pile head so as to 
model the pile head-raft interface in a better way (Fig. 3.5). 
However, it was found that this refinement brought about 
negligible difference in the values of settlement and 
percentage pile load (PPl), and small difference (about 
2 percent ) in the values of bending moments (except immediately 
above the pile head), compared to original mesh, for adhesive 
contact. This refined mesh was used for the study reported 
in this chapter. 

Smooth contact was simulated by assigning a low value 
> ►"4- / 3 \ 

of shear stiffness (10 F/1 ), keeping the value of normal 

7 3 

stiffness large (10 f/L ) , for the interface elements. 

These stiffness values were obtained from the study presented 
in Appendix 0. The objective of this parametric study is 
limited to obtain solutions for smooth contact and compare 
with adhesive contact solutions. However, the interface 
element can be used for modelling any non-linear interface 
behaviour, if desired in any specific case or for modelling 
joint slip depending on the stresses at the interface. 

The same element has been used for the latter purpose in the 
elasto-plastic analysis in Chapter 4. 
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3,3 PAEAMETERS AM GASES CONSIDERED 
Paraiaetf^rs used: 

Poisson* s ratio of soil ( Vg) = 0.4-7 and 0 

Relative rigidity of footing (Kj^ - Eq. 2,1a, irLOhap.2) 

= 1, 10 and 100 

Diameter of footing/lengtli of pile (d./D) 

= 0. 2, 0.5, 1 and 2. 

(If d^/L is equal to 0.2, the pile may he dominating in 
the system and if d^/L is equal to 2, the footing may he 
dominating in the ' system. If d^/li is equal to 0.5, the pile 
and footing may he of equal dominance). 

In all the cases, the ratio d^^/d was kept equal to 5» 
pile stiffness factor (E) was equal to 1500, and the 
Poisson’s ratio of footing/pile material was equal to 0,15. 

I wo different loadings were used namely a uniformly 
distrihut'.'d load over the entire footing area and udl 
over the pile area, at the centre. The latter case , is 
termed as concentrated load in this v/ork. 

Cases considered: 

I 

Solutions were obtained for the following four types 
of interface conditions. 

1 . Perfectly adhesive contact at all interfaces (pile.- 
'footing and footing.-soil) : 

Phis case was simulated by analysis without 
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introducing any joinc clement (Pig. 3.5(a)) and 
the solutions are same as those obtained in 
Chapter 2. This case is denoted as OR or a 
subscript OR. 

2. Smooth contact between footing and soil and perfect 
adhesion between pile head and footings This 
condition was simulated by introducing joint elements 
between footing and soil only (Rig. 3.5(b)) and by 
assig3.iing high value of normal stiffness and lov; 
value of shear stiffnviss for them. This case is 
denoted as SR or by subscript SR. 

3. Smooth contact between pile head and footing and 
perfect adhesion between footing and soilt This 
condition was simulated by introducing joint 
elements between pile head and footing only (Rig. 3. 5(c)) 
and by assigning low value of shear stiffness and 

high value of normal stiffness for them. This case is 
denoted as SPH or by subscript SHI. 

4. Completely smooth contact between pile head and 
footing and also between footing base and soil: 

This condition was simulated by introducing joint 
elements both at pile‘-footing interface and footing- 
soil Interface (Rig. 3.5(d)) and by assigning 
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stiffness values as before, for them. This case 
is denoted as CSS or by subscript OSS. 

The solutionsfor case 4 were obtained for dVl =0.5 

o 

only. 

3.4 DISCUSSIOIT Of RESULTS 
3.4.1 G-eneral 

The results have been presented in figs. 3.1 to 3.10. 
fig. 3.1(a) shows the variation of ratio of percentage pile 
load (PPL) for different values of L/ d and for different 
cases considered. As mentioned earlier the subscripts GR, 
SPH and SR denote different contact conditions, fig. 3. 1(b) 
shows the variation of ratio of maximum settlements (S*'"') 
for different values of L/d and for different cases 
considered. The subscripts have the same meaning, figs. 3. 2 
to 3.4 show the bending mom<a.'fits near the pile (which is 
maximum in most of the cases) for different parameters, 
figs. 3.5 to 3.10 show the variation of bending moment, 
along thi footing, for different values of parameters. 

In these figures symbols and M*, represent radial, 

tangential and maximum bending moment respectively. 'q’ 
is th,. appli^'d uniformly distributed load over the entire 
footing area, which case is denoted as 'udl* or 
applied uniform pressure (q) over pile area, which case is 
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denoted as 'concentrated load', 'r' is the radial distance 
from the centre and 'a' is the radius of the footing. 

3.4-. 2 Sett lem ent 

It can he observed in Fig. 3.1(h) that Sgpjj/S^ is 
almost equal to 1, for all the cases, indica,ting that the 
settlements are not significantly affected hy the type of 
contact between pile head and footing. The type of contact 
hv?tween footing and soil, also does not affect the settlements 
much (less than 3 percent), for = 0.4-7, for all the cases 
(from the values of * However, for '^g = 0, the 

effect of adhesive contact is significant. It can ha seen 
that the effect of adhesive contact between footing and 
soil, reduces the settlement and this reduction increases 
as footing becomes more dominant in the system (i.e. as 
d^/L increases). For L/d = 10, which is an average case 
in which pile carries about 50 percent of the load, adhesive 
contact reduces the settlement by 7 percent (Prom Pig, 3. 1(b) 

= '1*07, for dc/li =0.5 and = 0). Rue to 

interfacial slip tho actual reduction may be still less, 
and hence it may be concluded that the type of contact 
does not influence the settlement appreciably. 
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3. 4-. 3 Pi le Lo ad 

It can be seen in Pig. 3.1(a) that the smooth oi* 
adhesive connection at pile head, slightly increases (less 
than 5 percent) PPL, for u.d.l. and slightly reduces 
(less than 5 percent) PPL for concentrated load, except 
for d^/L = 2 (L/d = 2.5), in which case footing is very 
dominant (PPLgpj^/PPLQ|^ values in Pig. 5.1(a) are between 0.95 
to 1 .05) . This increase or decrease is more for Kp = 1 
than Kp = 100 and 10. Again, interfacial slip would 
reduce this effect "In some extent. Accordingly, it may be 
oo.ncluded that the type of contact at pile -footing 
interface does not influence the value of PPL significantly 
for practical cases (unless the raft is very dominant). 

It can be seen in Pig. 3.1(a), that PPlgp/PPL^p is 
more than 1 for =0 and less than 1 for Vg = 0.47, 
indicating that smooth contact between raft and soil 
increases the value of PPL in the former case and decreases 
the value of PPL in the latter case. Again this effect 
is small (less than 8 percent) for practical cases. As 
before, the effect is more for Kp=1 than Kp = 10 and 100. 

It is to be noted that the effect of drainage (i.e. change 
of from 0.5 to 0) on PPL, predicted from smooth 
contact assumption and adhesive contact assumption may 
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moments and smaller magnitudes of radial lending moments, 
compared to adhesive contact, except for = 100, in 
which case no definite trends could le observed (Pigs. 3.2 
to 3.4). This increase or decrease is of the order of 
20 to 30 percent and this effect is found to be slightly 
more for l/ d = 10 than L/d = 25 and l/d = 5. Por 
% " concentrated loading, the adhesive 

contact between pile head and footing, reduces tho radial 
bending moment significantly and it is interesting to 
note that these values are less than those for Kj^ = 10 and 
1, in many cases, (Pigs. 3.2 to 3f4) . This is because for 
“ '•00, the value of bending moment is maximum hear the 
centre and reduces rapidly at 0,221a where the values are 
reported, and it is not so, far = 10 and = 1,, Por 
smooth pile h3a.d assumption, the value of bending moment 
increases as increases, as would be expected. In 
general, the effect of smooth contact between pile head 
and raft on maximum bending moment is found to be 
significantly more than the effect of smooth contact between 
footing and soil, for % = 1 and = 10* in the case 
of concentrated loading, for =1 and 10, the effect of 
smooth contact between footing and soil on is very 
small, compared to the effect of smooth contact between pile 
head and footing. 
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Bending moment distribution; 

Thr distribution of and (for some cases), 
has been plotted against r/a, in Bigs. 5.5 to 5.10, for 

different contact conditions. Poisson's 
ratio of soil and l/d^ In general the following observations 
can be made from tbese figures. 

1 . The magnitudes of bending moments immediately 
above pile (r/a < 0.2), are substantially affected 

by the typo of contact between pil-? and raft. 

Even though this effect is largo, this may not be 
of much aoncc 2 ?n, as this section may not be critical 
section. 

2. The bending moments adjacent to pile have already 
been discussed in previous paragraph. The values of 
bending moment for smooth pile head and completely 
adhesive contact, approach each other as r/a approaches 
1, which indicates that this effect is maximum near 
the pile head and vanishes near the edge. 

5. The effect of smooth footing-soil interface, 

(compared to adhesive contact on footing bending 
moments, is small for '’g = 0.47 and quite signifi- 
cant for '^g = 0, Por '^g = 0, for concentrated 
loading, the values of Mgj^ (for smooth footing-soil 



interface) are consistantly more fhan the values 
of (for completely adhesive interface), along tb 

entires footing radius. Since the values of lending 
moments are small near the raft edge, the effect of 
smooth contact is quite large near the edge; here 
MgR is upto about 40 percent more than Mqr. For 
u.d.l., for this value of ^ = 0) , Mqr is 

less tlian M^r near the edge by large amount (upto 
about 50 percent) and near the centre the value of 
MgR becomes more than M^r. They cross each other 
near the pile for l/d = 5 and near the edge for 
L/d = 25 . 

3 . 4 • 5 Biff er e n y. al Set tl ement 

Bifferential settlement was found to be more for 
different types of smooth contact than completely adhesive 
contact, in general. Such increase in differential settle*- 
ment was found to be more for = 0 than for "^g = O .47 

and it was also found that this effect was more for shorter 
pile than for longer pile. For l/d = 10, the maximum 
increase in differential settlement due to smooth contact 
between footing-soil interface was, about 20 percent and it 
was found to increase as l/d decreases and vice versa. 

In this connection it is worth noting that the effect of 
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adhesive contact on the differential settlement of circular 
raft, subjected to u.d.l. is about 44- percent for "^s " ^ 
(Hooper (73)). 

3.5 GOHGIUSIOHS 

1 , The settlement and percentage of load shared by piles 
are not significantly affected by the type of contact 
between footing and soil and a,lso between pile head 
and footing, in general, except when the footing is 
dominating in the system, which may not be a practical case. 
This is likely to be true for pile-raft systems also? 
as the problem considered is a typical unit of such a 
system. 

2. The maximum bending moments, which occur adjacent 

to pile in most of the cases, are affected by 20 to 30 
percent by the type of contact between different compo- 
nents of the system. In general, tangential moment 
increases and radial moment decreases due to smooth 
contact compared to adhesive contact, except for 

100, in which case no general conclusions could 
be drawn . 

3. The effect of type of contact at pile-footing inter- 
face, becomes insignificant neer the edge of footing. 

The effect of the type of footing soil interface., is 
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maximum for Vg = 0 and this effect is maximum near 
footing '?dge, and decreases and/or changes sign near 
the pile. 

4. The differential settlement, increas-s for smooth 
contact compared to adhesive contact. This effect 
Is about 20 percent for an average case (b/d = 10, 
d^/d = 5) . 
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BLASTCVPLASTIO AHAI.YSIS OF OIRGULAB. POOTIHG^ SINGLE 
PILE AKD jPIlBD GIRGULAR lOOTim 

4.1 OTROBUCTION 

Reformation within permissible limit and adequate 
factor of safety against complete collapse are two essential 
requirements to be satisfied in any ; f oundat ion design. The 
work reported in Chapters 2,5,5 and 6 are devoted to the 
analysis of behaviour of different types of foundation 
under working load ranges, which may be useful in the 
design satisfying the first requirement. In those chapters, 
soil has been modelled as linearly elastic and homogeneous 
in some cases and non*-homogeneous or transversely isotropic 
in some cases. Eor some situations, (e.g, pile raft, pile 
group and piled circular footing)wherein nonlinear behaviour 
may be significant even in the working load ranges, certain 
approximate procedures have been described to account for 
such non-linearity. The design satisfying the second 
requirement, requires the assesanent of collapse load 
or bearing capa.city of the foundation proposed. By using 
elasto-plastic- finite element technique, it is possible to 
determine oollhpse load, in addition to tracing the 
complete progressive failure mechanism. So this technique 
has been used in this chapter to study the progressive 
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failure of certain types of foundations under different 
soil and interface conditions. Though the essential aim 
of this part of the work is to study the behaviour upto 
collapse of piled circular footing which cannot be studied 
by other methods like slip line method, some cases of 
circular footing and single pile have also been studied* 

Due to its immense capacity to handle any non-linear 
situation, finite element method is extensively used for 
solving variety of non-linear problems. There are quite a 
few publications wherein different types of ‘non-linear 
elastic' finite element techniques have been used for the 
analysis of circular footing (Withiam et al (147) » Desai et al 
(42), G-iri javallabhan et al (64), and Yaradarajan and 
Arora (135)) and for the analysis of single pile (Bllison 
et al (58), Desai (49), Balaam et al (6), Ottaviani et al 
(99), and Law (83)*). These non-linear elastic analyses 
may be mainly useful for the study of deformation behaviour, 
although the bearing capacity can be assessed for a given 
limiting deformation. BLasto -plastic analysis would 
indicate the collapse load straight away. Uon-linear elastic- 
plastic analysis is also possible and has been reported for 

*This reference appeared after the completion of the present 
work and during preparation of this thesis. 
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the plane strain problem of a strip footing by Pande 
et al (104) and Pemandez and Ohristian (59)9 Such an 
analysis may be very useful in the study of any specific 
field problem; but for a study of general nature linearly 
elastic-perfectly plastic analysis may be sufficient. A 
number of investigators have carried out elasto-plastic 
finite element analysis of circular footing (Hoeg (69), 

Pas et al (53), Zienkiewicz (149), Rowe et al (125), 

Btondi et al (12), and Matsumoto and ICo (89)*). The 
Influence of smooth or rough interface has not been reported 
for circular footing although a study of this aspect has been 
reported for strip footing (Pavidson et al (54) and 
Grriffiths (66)*). Also, footing of finite rigidity subjected 
to central column loading has not been studied. These 
aspects are studied herein, for circular footing. 

Tery few results of elasto*-plastiG analysis of 
piled foundation are available in the literature. For 
example, Balaam et al (5) have studied the behaviour of 
granular pile. Their work is limited to deformation 
behaviour and analysis upto collapse has not been carried 
out. Frank et al (60)* have reported elasto»“plastic 

♦reference appeared after the completion of present 
worK and during the preparation of this thesis. 
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analysis of single pile using Mohr-Ooulomb yield criterion. 
Ohaw and Smith (28)* have used the same type of elements, 
same 'initial stress' finite element technique and same 
yield criterion (von-Mises) , as used in the present work 
for static and dynamic analysis of single pile. They have 
concluded that the analytical results compare well with 
observed field data. However, comparison with conventional 
bearing capacity formulae and investigation of some of the 
aspects like the effect of tensile stresses that develop 
near the tip, soil non-homogeneity and mesh refinement on 
the progressive d'Oformation behaviour and collapse load, has 
not been reported. Hence some of these aspects have been 
studied for single pile. In addition, analysis of piled 
circular footing has also been carried out for different 
parameters. 

For the analyses discussed in this chapter von-Mises 
yield criterion and associated flow rule have been used to 
study the undrained response under different material, 
geometric and interface conditions. Some studies carried out 
using other yield criteria have been discussed in ippendix D. 

4,2 FIHITE M.EMEHT AH^YSIS 

Soil, pile and footing have been modelled by 
axisymmetric parabolic, isoparametric elements with (2x2) 
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reduced integration. Use of such higher order elements 
with reduced integration and with stress sampling at these 
integration points, has been recommended by Zienkiewicz (152), 
for von-Mises type criterion, which does not permit volume 
change. This is required because as the extent of plastic 
zone spreads, the deformation becomes nearly incompressible, 
and with conventional exactly integrated elements the 
system 'locks* and a true collapse load cannot be obtained 
(Zienkievicz (152)). To model the footing-soil interface 
and pile-soil interface, 6 noded interface elements of 
zero thickness, which have been discussed in Chapter 3, 
have been used. Here, these elements permit slip in case 
shear stresses at the interface exceed the shear strength, 
in addition to modelling of completely smooth or adhesive 
interface. 

The computation was carried out using 'initial stress* 
technique (Zienkiewicz et al (155)). The computer program 
developed at I.I.T., Kanpur (Vijayan (138)) for elasto- 
plastic analysis of anchors was checked, corrected wherever 
necessary and modified to incorporate the following 
additional capabilities. 

Six noded interface element with straight sides and 
of zero thickness referred ins Chapter 3> was modified 
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and implemented so as to model both vertical and horizontal 
interfaces. During the loading process, the interface 
behaviour was simulated as follows. 

Initially both joint stiffnesses (k^ and kg) are 
assigned large values by input data. (By a seperate para- 

O •z 

metric study a value of 10 P/L"^ was found to give satis- 

factory results for the parameters used in this analysis). 

After each load increment, the stresses at the interfaces 
are computed. In case stresses exceed tthe strength 
prescribed, the corresponding joint stiffness is made very small 
(10 I'/B ) and the stiffness matrix is reassembled and 
inverted for the computation in the next load increment. 

Only the joint stiffness is modified and the original 
elastic stiffness of other solid elements are retained. 

Modification of stiffness of solid elements also^for the 

current state of these elements, would be economical and i 

reduce the number of iterations required (Zienkiewicz (152)), 

for convergence. But in the present analysis, there is J 

! 

already large difference between the stiffness of elements | 

representing soil and footing/pile. So in the present [ 

analysis, such a modification might introduce severe 
ill-conditioning and involve large round off errors in the # I 

system, when a number of elements become plastic. 
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(m alternate computation procr-dure to overcome this 
difficulty has "been presented hy Rowe et al (121). How- 
ever, this procedure was not used in the present analysis) 
Hence the initial elastic stiffness matrix with modifications, 
if any, for joint stiffness only, was inverted and used for 
the resolution in the ’initial stress’ iterative computation 
process. Also, this procedure would he more efficient 
if non-associated flow rule is to he used, in which case 
the stiffness matrix would become un symmetrical and pcse 
some other computation problems if such iliodifications of 
stiffness matrix at intermediate stage is used. 

A static equilibrium check was introduced by 
integrating the vertical stresses in the joint elements. 

It was observed that the error v/as less than 0.2 percent 
in all the cases analysed herein, with joint stiffness 
Values assigned as discussed earlier. 

Provision was also made to handle the cases in which 
modulus and shear strength vary linearly with depth. 
Computation of bending moment (as explained in Appendix a), 
percentage pile load (as explained in Chapter 2, Sec. 2.3), 
contact pressure and percentage load transmitted by end 
bearing, was also included. Provision was also made to 
reduce the modulus to an arbitrary small value at any 
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integration point, where tensile mean, normal stress 
exceeds the prescribed tensile strength. 

The details of computer program developed are given 
in Appendix T*. 

4 . 3 OASBS CONSIDERED 
4 • 3 . 1 Parameters Used 

Poisson's ratio of soil has been assumed to be 0.48 and 
angle of internal friction (0) has been assumed to be zero 
throughout, as study of undrained behaviour is attempted 
herein. The right hand side smooth boundary and bottom rough 
rigid boundary were kept at 16d (Pigs. 4,1 to 4*5) from the 
centre and ground level respectively, where d is the diameter 
of the pile ('d’ is also the diameter of the loaded area for 
central column loading). The ratio of diameter of the 
footing (cIq) to the diameter of pile (d) has been assumed 
to be 4, in eill the cases considered. The ratio of length (I) 
to diameter of the pile (d) has been assumed to be 8 for all 
the cases of pile and piled circular footing. The 
enlarged diameter (d-j^) has been assumed to be twice the 
diameter of pile in a few ainaljises of pile and piled 
circular footing with enlarged base. 

The values of Ep/Eg^ and have been assumed 

to be equal and this value denoted as '1», has been kept 
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at 1500 or 100, (Ep and denote Young's modulus of pile 
and footing material and BgQ denotes the Young's modulus 
of soil at ground level) . The value of relative rigidity 
(% >- as defined in equation 2.1, in Chapter 2) of footing/ 
raft, has "been assumed to he 100 or 1, Por non-homo geneous 
soil considered, the values of Young's modulus (Eg) and 
undrained shear strength (C^) are assumed to vary linearly 
with depth such that 

®SL ^ ®S0 

where Eg]^ and are the values of Young's modulus and 

shear strength at a depth equal to length of pile (or 8d 
in the present analysis), from the ground level respectively. 
Cyo i-S the shear strength at ground level. The value of 
Poisson's ratio of pile and footing material was assumed 
to be 0,15 throughout. The shear strength of pile and 
footing material has been assumed to be large compared 
to soil. 

The soil, pile and footing have been assumed to be 
weightless in most of the cases. In some cases (Run P6 and 
PlO), the weight of the soil has been considered and in such 
cases the value of earth pressure coefficient at rest (K^) 
has been assumed to be unity and •'.'/C^has been assumed 
to be 1 ,8. (V = unit weight of soil). Since von-Mises yield 



209 


criterion has been used, the weight of soil (for = 1) 
does not affect the results expect when tension failure is 
considered. 

4.3.2 Meshes Used 

I'or the analyses reported a number of meshes were used. 
These ane .shown in Pigs. 4.1 to 4.5. 

Mesh 2S (Pig. 4.2) is a very coarse mesh containing 
only 13 elements, used for circular flexible uniformly 
distributed load, Mesh 2R, also shown in Pig. 4.2, is 
another mesh used for the same loading. 

Mesh 1 (Pig» 4.1) has been used for analysis without 
interface elements in the case of circular footing, single 
pile and piled circular footing, subjected to central 
column loading. Mesh IP and Mesh 1PJ (Pig. 4.1) were 
used for analysis of single pile, without and with inter*- 
face elements respectively. Mesh 1, has been used for 
analysis of circular footing and piled circular footing. 

Mesh 2R (Pig. 4.2) with interface elements, has 
been used for the analysis of circular footing. Mesh 2 RM 
(Pig. 4.2) is a refined mesh used for the same analysis. 
Mesh 2P (Pig. 4.4) has been used for the analysis of single 
pile. This is a refined mesh with interface elements. 
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Mesh 2 (Pig. 4.5) with interface elements was used 
for the analysis of piled circular footing. Mesh 2M 
(Pig. 4.5) is a refined version of Mesh 2. 

Among these meshes mesh 2R(u,d.l .) » 2R1!, 2P and 2M are 
the refined meshes for the study of circular flexible raft 
subjected to uniformly distributed load, circular footing 
subjected to central column loading, single pile and piled 
circular footing respectively. The studies using other 
meshes are useful in indicating the effect of mesh 
refinement andl associated parameters. Details of different 
computer mns have been tabulated in Tables 4,1 to 4.3, at 
the end of this chapter, 

4.4 RBSUIiTS and DISCUSSION 

4.4.1 Convergence Orit e rion and Maximu m Number of Iterations 
The value of collapse load obtained by numerical 
method like one used herein, depends on factors listed 
below. 

1 , The fineness of the mesh used. 

2, The size of each load increment 

3, . Maximum number of 'iterations specified (1^^^^) . 

4, Convergence criterion adopted.. 

It is usually presumed that collapse has occured, if 
for any load increment, the numerical process fails to 
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converge as per the convergence criterion adopted, even 
after number of iterations. Obviously best results 

can be obtained by using very fine mesh, with small load 
increments, adopting strict convergence criterion and 
specifying large value of but such an analysis would 

be very expensive, for the problems attempted herein. The 
results are found to be not very sensitive to increment size 
in the case of 'initial stress' technique, as shown by 
Zinkiewicz (152) and also as observed subsequently herein. 

All the runs were made such that the collapse load is 
approached in about 15 to 30 equal increments. The convergence 
criterion used here is based on the absolute maximum magnitude 
of correction load, in the correction load vector. This 
criterion was fixed at 0,1 percent of the total applied 
load in each increment for all the runs. Since the 
convergence criterion adopted is rather strict, the load- 
deformation response and intermediate failure mechanism are 
likely to be quite satisfactory. But it would require 
very large number of iterations to capture the 'exact' 
collapse load. So, for certain cases, large values 
(400 and 600) of were specified and it was found that 

by using equal to 200 or 300, satisfactory values of 

collapse load can be obtained. Hence, in all the subsequent 
work maximum number of iterations was specified as 200 or 
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300, to make a trade off "between cost and accuracy* 
Implications of this are .further discussed subsequently. 

In the case of single pile when interface elements 
are used it was found that once skin friction is completely 
mobilized, the failure is sudden. So in these cases the 
run was stopped when the stiffness of the system computed 
on the basis of the displacements between successive 
increments is less than about 1/20 of the initial elastic 
stiffness of the system. 

Rowe and Davis (123), Marti et al (88), and 
loh et al (132), have also recognised the difficulty in 
predicting the ’exact' collapse load and have presented 
certain techniques to get better results. However, these 
techniques were not tried in this work. 

Olrcular footing 

Details of computer runs made for circular footing 
are given in Table 4*1. 

4, 4. 2.1 Uniformly distributed load on the surface of the soil 

The results for circular uniformly distributed load, 
are shown in Rig. 4-6. The 2 xin R1 was made, using a 
very coarse mesh of only 13 elements, specifying I^g^x 
equal to 600. At the termination of the run, the stiffness 

B. - 

of the system had already become less than I /40 of initial 
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elastic stiffness and still bad not converged. Hence it 

may be deemed to have failed. The failure pressure for 

Imax ~ is 6.6 ^max been fixed at 200, 

it would have predicted 6.3 CS^q as collapse load, involving 

only less than 5 percent difference. In the same figure, 

the response for Run R2, with 56 elements is observed 

to lie below the curve for Run R.1, showing the effect of 

mesh refinvement. In this run, the maximum number of iter’- 

ationswas specified as 4OO and it was found to predict a 

collapse pressure of 6.2 0, ; again at the termination 

uo 

of the run the stiffness had reduced to less than 1/32 of 
the original elastic stiffness.' Had the run been terminated 
at 200 iterations, it would have predicted 6.0 C'^q as 
collapse pressure, which is 3 percent less than that for 
Imax ~ 400. llso, since only a comparitive study is 
attempted herein, this accuracy is sufficient and so the 
value of I^iax was kept at 200 or 300 in subsequent runs. 
Also, it was observed that for 100 iterations, the 
computing time in DEG IO9O Computer was more than 2 minutes 
and the analysis with = 400 required about double 

the time required for 1 ^ ^^ = 200, for fairly close load 
increments; and so the compromise had to be made. 
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Inci den tally, the collapse pressure predicted hy slip 
line method for circular footing is 5.69 C^. The predicted 
value from the present analysis is 6.2 Qu (Run R1). The 
slip line solution (Ghen ( 29 )) uses Tresoa yield criterion, 
with some more simplifying assumptions regarding stresses 
(H«vrr**von Karman hypothesis) ^ where--as von-Mises criterion 
has been used in the present analysis. So the small 
difference may be due to different assumptions and approxi-- 
mations in both the methods. 

It was observed that the load deformation response 
obtained by the present analysis with 56 parabolic elements 
almost coincided with analysis by Biondi et al (12), who 
have used about 600 triangular elements for the same 
problem* The mesh 2S, is similar to mesh used near the tip 
of pile in the analysis of pile and piled circul.ar footing. 
The results obtained using mesh 2S are in satisfactory 
agreement with the results obtained using a refined mesh 
(Run R 2) . This shows the adequacy of meshes 2P and 2M 
near the pile tip. 

4 , 4 . 2.2 Central column load: 

This type of load has been referred as concentrated 
load in this thesis (Sec. 2.2,1), The load-settlement 
response for this loading (dg/d = 4), is shown in Pigs. 4.7 
and 4*8. Runs R 3 and R 4 have been made with mesh 1, without 
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interface elements and hence they correspond to fully 
adhesive contact. Run E5 is for = 100 and Run R4 is 
for = 1 . It can he observed that the load-settlement 
curves from both runs tend to approach the same ultimate 
pressure equal to 110 (Average collapse pressure =6-9 . 

This shows that the flexibility of the footing does not 
have significant effect on the collapse load for the range 
of values between 1 and 100, which may normally occur 
in practice. 

Rrom Eig. 4-7, for Run R5 (without refinement near the 
edge) with joint element simulating rough interfaces, the 
collapse pressure obtained is 120 0^. This mesh was rather 
coarse near the raft edge than previous one and hence the 
difference in predicted collapse load.. With mesh refined 
near the edge (Mesh 2 RM and Run R? shown in Eig. 4.8), the 
corresponding collapse pressure falls to 104 This 

difference indicates the effect of mesh refinement near the 
edge, where there is stress concentration. With the same 
mesh (Run R8), for smooth contact the numerical collapse 
pressure is 96 (Average pressure is 6.0 C^) . It may 
be noted that this value is close to the collapse load 
obtained for u.d.l. over circular area previously (Sec. 4. 2. 2.1). 
The value was 6.0 0^ and 6.2 for Ij^g^x ” 
respectively. This shows that the bearing capacity is not 
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significantly different for u.d.l. on a completely flexible 
footing and loading on rigid footing = 100). 

The effect of adhesive contact is to increase the 
collapse load by about 8 X (comparing Run R7 and R8) . The 
effect of such adhesive contact on collapse load, predicted 
by slip line method is about 6 f, (Ohen (29)). it is to be 
noted that pressure distribution at failure, predicted by 
slip line method for smooth contact is completely different, 
from that predicted by finite element method. In the former 
case, pressure is maximum near the centre (Chen (29)) and 
in the latter case, the pressure tends to become uniform 
near failure (Rig. 4.H)* 

In Rig. 4.8, it may be observed that for smooth 
contact also, as previously observed for rough cohtact, 
the collapse load for = '• anh 100, approach the same 
value (comparing Run R8 and R.10 »- Rig. 4.8). It is of 
interest to note that for Kr= 0 (completely flexible 
footing, with central column loading), the collapse load 
would reduce to one sixteenth of the value for rigid 
footing, for the geometry and. loading used in this analysis. 

Ror non-homogeneous soil considered (Ror smooth 
contact) the collapse load obtained is IO4 Cno (Rnn R9 
and Rig. 4.8), as against 96 for homogeneous soil. 
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Since the load-settlement curve is ohseirved to rise further 
for non-homo geneous soil and the run was terminated after 
200 iterations, the ac-tual collapse load may he slightly 
more and hence the differ ence may also he slightly more. 
This also indica.tes that for non-homogeneous soil with 
stiffness and strength increasing with depth, for the same 
convergence criterion, larger value of Imax 
specified for obtaining satisfactory collapse prediction 
and hence the present numerical technique may he more expen- 
sive for such soil condition, than homogeneous soil. 

Similar observations have been made by G-riffiths (66), in 
the analysis of strip footing. 

Small tensile stresses were induced near* the ground 
level at locations away from the footing. These tensile 
stresses were found to vanish as failure takes place, for 
smooth contact. jtLso it was found that these stresses were 
so smvall that they would tend to become compressive, when 
a small surcharge, which would normally be present in 
practical cases, is considered. 

Bending moments and contact pressures have been 
plotted in Big. 4.14. It can be observed that the contact 
pressures (non-dimensional) tend to become uniform near 
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collapse, bo til for rigid and fairly flexible and both 
for homogeneous and non‘-homogeneous soil. The bending 
moment (non^-dimensional) decreases slightly for rigid 
footing = 100) and this decrease is about 10 percent 
for smooth contact and about 5 percent for adhesive contact 
(Runs r 7 and R8 in Rig. 4.14). Ror fairly flexible footing 
= 1), the value of bending moment increases by about 
10 percent as collapse is approached (Rig. 4.14 and Run R10). 

Spread of plastic zones for Run r 7 to R.^O, has beabi 
shown in Rigs. 4.15 to 4.18. Rigs. 4.15 and 4.16 show the 
spread of plastic zones for rough and smooth contact for 
a rigid footing subjected to central column loading. In 
both cases, yielding starts near the edge of the footing. 

Ror rough contact, soil below the centre of the footing 
does not become plastic with loading equal to 104 whereas 

for smooth contact with loading equal to 96 0uo> 
complete zone below footing becomes plastic. Another 
observation that can be made from these figures is that 
the spread of plastic zones in the horizontal direction 
is slightly more for rough contact. The effect of 
rigidity of the footing on the spread of plastic zones 
can be assessed from Rigs. 4*16 and ,4* "*8* Significant 



219 


difference for = 1, compared to = 100, is that the 
yielding starts from below the centre. But the plastic zones 
tends to be similar for % = 1 and 100, for loads near 

failure ( 9 6 O^^q) . The effect of nonhomogeneity of 
soil on the spread of plastic zones can be seen in Figs. 

4.16 and 4*17. For both homogeneous and non-homo gen eous 
soils considered, yield starts near the edge. For non- 
homogeneous soil, the plastic zone tends to extend upto ^ 
fthallower;: depth;but tends to move horizontally to greater 
extent near the surface, compared to homogeneous soil. 

^ ^ Single Pile 

Details of computer mans made for single pile are 
given in Table 4.2, 

4 . 4 . 3 . 1 Ooll ap se lo ad 

Figs, 4.9 and 4 . 10 show the load deformation 
response of single pile for different soil conditions. It 
would be worthwhile to compare the finite element results 
with conventional values of collapse load. 

In the conventional method (Static formula-Bowles( I 4 )) , 
the bearing capacity Of single pile under undrained condi- 
tion is calculated as 

Quit. = ^ 5 Qu 


(4.1) 
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where 

~ ultimate bearing capacity of pile 

= adhesion factor 
d = diameter of pile 

1 = length of pile 

Ou. = un drained cohesion of soil. 

For calculation in the case of non-homo geneous soil, in which 

increases linearly with depth, the value of C5^ at tip 
has been used for second term in El. 4.1 and the average 
value of at mid length of pile has been used for 
first term in Eq. 4 . 1 . The values of bearing capacity 
obtained using Eq. 4.1 is termed as value from conventional 
method in subsequent discussion. For the parameters used 
in tbe analysis of single pile, these values (collapse 
pressure) work out to be 41 Quo for adhesion factor 
(°^a “ ^a/^o) ®iual to 1 and 25 Oao for cc^ = 0.5, for 
homogeneous soil. For non-homo gene ous soil considered, 
the collapse load f^om Eq. 4.1 works out to be 66 Ouo* 

Runs P1 and P2, have been made without interface 
elements and hence these results correspond to complete 
adhesion at the interface and failure can take place in 
the soil mass adjacent to interface. The collapse 
pressure obtained is 56 0^o (Fig. 4.9) for Run Pl, which 
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is about 35 percent more than conventional value for 
adhesion factor equal to 1. TMs difference could partly 
be due to non-failure of interface and failure at locations 
away from the ini'erface and partly due to coarseness of the 
mesh near the tip of the pile. The collapse pressure 
obtained from Run P2 is 96 (Pig- 4.9), which is about 
70 percent more compared to Run Pi* This shows the effect of 
enlargement of base (d-jj = 2d, where is the diameter of 
enlarged base). As collapse is approached small tensile 
stresses v/ere observed in a small zone adjacent to and 
above enlarged base even when weight of the soil was 
aonsidered. The maximum magnitude of these tensile 
stresses was found to be of the order of magnitude of the 
value of 

Runs p5 and P4 were made with the same mesh as used 
for Run pi, but with joint elements at the interfaces. The 
collapse pressures obtained (Pig. 4*9) are 50 G^^ and 
36 G^j for equal td 1 and 0.5 respectively. There is 
an overprediction of about 20 percent compared to 
conventional method. Since this overpredictlon may be 
mainly due to coarseness of the mesh near the tip, where 
there is stress concentration, the mesh was refined near 
the tip and rest of the runs were made using this refined 
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it was olDserved that pile material did not fail anywhere. 

Run P9 (Pig. 4.10) made assuming soil to he non’- 
homogeneous, shows a collapse pressure of 72 where 

as the value calculated using conventional method is 66 
O^o* difference would have been less, had the soil 

been treated as no tension material, as in the case of 
Huns P 6 and P10. 

In general the collapse load obtained from convent*- 
ional method and finite element elasto-plastic analysis do 
not differ much for both homogeneous and non-homo geneous 
soil condition. However, finite element method can be used 
for the determination of collapse load for problems involving 
more complicated geometry, sequence of construction/ 
installation and complicated material behaviour. jtLso, the 
load settlement response in the intermediate stages, is 
also obtaiKB d. 

4. 4. 3. 2 load transferred by end bearing 

In Pig. 4.19(3-), it can be observed that the 
percent load transmitted by the tip (PTl) increases as 
skin friction failure takes place for all the runs. It 
can also be obseiwed that the tip load tends to the same 
value for K = 1500 and K = 100 near collapse. 
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4.4»3.3 Spread of plastic zones 

The spread of plastic zone has been shown in Pigs, 4*20 
to 4 . 25 , for different runs. It can be observed that the 
skin friction failure at interface is faster for K = 1500 
compared to K = 100 (comparing Runs P5 and P7 in Pigs, 4»20 
and 4.21); but the plastic zones are similar ne.ar collapse, 
for both values of K (Pile stiffness factor). Por fairly 
compressible pile (K = 100) with adhesion factor equals 
0 . 5 , the skin friction failure starts both from top and 
bottom (Pig. 4. 22 ), contrary to other cases where the 
skin friction failure was observed to start from bottom and 
extend upwards. Plastic zones near collapse can be seen to 
be similar for both values of adhesion factors (comparing 
Runs P8 and P7 in Pigs, 4.21 and 4.22), The effect of soil 
non‘-homogeneity on the spread of plastic zones, is to 
reduce its extent slightly (comparing Runs P9and P5in 
Pigs. 4.20 and 4.23), 

Two runs were made assuming smooth and rough 
interface between pile tip and soil respectively. It was 
observed from these runs, that the failure zones and 
collapse loads were not significantly affected by the 
interface conditions between tip of pile and soil. This 
aay be because the end bearing part of bearing capacity 
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(from conventional method) is small (less than 25 ) and 

the effect of rough contact is also small as observed in 
Sec. 4,4»2.2., for circular footing. 

4-«4»4 Piled Circular footing 

Details of computer runs made for piled circular 
footing are given in Table 4.3. 

4.4.4. 1 Oollapse load: 

load'-deformation response of piled circular footing 
has been shown in Pigs. 4.11 to 4.13, for different cases. 
IB^ns PR1, PR2 and PR3 have been made without joint elements 
and hence they correspond to fully adhesive contact. The 
collapse pressure obtained from Run PR1 (for 100) and 

Run PR2 (for 1) are equal to 130 (Pig. 4.11). It 

can also be observed from Pig. $.11, that the results 
taken with 26 increments and 13 increments coincide with 
each other, indicating that the results are not very 
sensitive to increment size. Since these runs were made 
with coarse mesh and runs were terminated after 200 
iterations, these results are not very accurate. However, 
they indicate the effect of mesh refinement 
and effect of base enlargement. The collapse 

load obtained for pil3d circular footing with 
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enlarged base (d-j^ = 2d , where d-j^ is the diameter of the 
enlarge base), is 170 which is about 30 percent more 

than the value for uniform section (Pig. 4.11). As collapse 
is approached, small tensile stresses were observed in a 
\small zone adjacent to and above the enlarged base, even 
when weight of the soil was considered. The maximum 
magnitude of these tensile stresses was found to be of the 
order of the value of 0^Q, occurring adjacent to enlarged 
base, as observed in the case of single pile in Sec. 4*4.3. 1. 

Runs PB4, PR5 and PR6, have been made with joint 
element and with mesh refinement near the tip of pile. 

Por these runs, the shear strength of all interfaces* 

(both footing-soil and pile-soil) have been assumed to be 
equal to or 0.5 Prom runs PR 4 (for = 100) and 

PR6 (for = 1), it can be observed Pig. 4.12 that the value 
of collapse load approaches the same value of 138 O^q, 
indicating that the footing flexibility does not have any 
significant effect on the collapse load. The collapse load 
obtained for adhesion factor = 0.5, is 126 (Pig.4.12). 

Since these results were taken without refinement near the 
footing edge, they are less accurate than subsequent runs 
discussed herein. 

Runs PR7 to PR11, have been made using mesh 2M, 
with joint elements and with refinement both near pile tip 
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and footing edge. These results have been presented in 
Pig. 4 . 13 . In all these runs the footing base and pile 
tip have been assumed to be smooth, and vertical pile 
soil interface has been assumed to have finite shear 
strength. The collapse load obtained (for = 100) from 
Run PR7» is about 132 CI^Q. The sum of the bearing capacity 
of annular footing (with inner diameter equal to one fourth 
outer diameter) and bearing capacity of single pile, 
(computed based on the values obtained in Sec. 4 . 4.2, and 
Sec, 4 . 4 . 3 ., for circular footing and single pile), comes to 
134 C^Q. Similarly, the collapse pressure for “ 3 ^= 0.5, 
(Run PR 8 ) from analysis of piled circular footing is 126 G^Q 
and the sum of the bearing capacities of footing and pile, 
as assessed previously comes to 116 CS^q. Hence the bearing 
capacity of piled circular footing in undrained soil 
condition, may be assumed to be equal to the sum of the 
bearing capacity of pile and annular portion of the footing 
in contact with soil. 

Runs PR9 and PR.10, were made assuming Ep/PgQ =100 
and Kj^ = 1 . The numerical collapse loads obtained are 
approximately equal to those from Runs PR7 and pR2(for 
Ep/Ego “ ^500 and % = 100), indicating that the pile 
compressibility and footing flexibility do not have 

■ A. ’ 
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significant effect on the collapse load, for the range 
of parameters considered. In these runs, the value of 
shear strength of footing and pile material was assumed 
to he 100 times that of soil and nowhere failure of pile or 
footing material was indicated. 

Run PRi1 was made assuming _ soil to he non-homo geneous 
with strength and stiffness increasing linearly with depth, 
as explained in Sec. 4.3.1. The collapse load obtained 
from this run is 174 4.13). The sum of the 

hearing capacities of footing and pile as assessed earlier, 
works out to he 170 G^Q. Hence for non-homo geneo us soil 
condition considered herein also, the hearing capacity of 
piledi^ circular footing can he seen to he approximately 
the sum of the hearing capacities of pile and annular footing. 

4*4. 4. 2 Percentage pile load (PPL) 

The value of PPI, in general, reduces as collapse is 
approached (Pig. 4.24(h)), It can he observed from 
Pig. 4.24(h), that the curves for Runs PE18 and PR10 (for 
o^a = 0.5) tend to merge with each other and curves for 
Run PR7 and PR9 (for = 1) tend to merge, near collapse. 
Hence, it can he inferred that near collapse, the value of 
PPIi tends to he idependent of pile compressibility and footing 
flexibility, for a given value of adhesion factor. 
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The percentage load transmitted though the tip (EDL), 
tends to increase initially and then decreases as collapse 
is approached (!Fig. 4.19(1). This effect is more pronounced 
for adhesion factor equal to 0.5, than adhesion factor equal 
to 1,. igain, near collapse the value of percentage load 
transmitted hy tip approaches the same value, for a given 
value of adhesion factor, irrespective of pile compressi- 
bility and footing flexibility (comparing Runs PR7 and 
PR9 for = 1 and Runs PR8 and PR10 for = 0.5, in Pig. 
4.19(b)). 

4.4.4. 3 Rooting bending moment. 

Prom Pig. 4 . 24 (a), it can be observed that the 
footing bending moment (non-dimensional) increases as 
collapse is approached for all the cases considered. This 
increase is more for = 1 and K = 100 than for Kj^ = 100 
.and K = 1500 (comp;aring Runs PR? and PR9) . Por Run PR9 
(Kj^ = 1 K = 100), the increase in bending moment is 
about 50 percent. This increase is about 13 percent and 
24 percent for Run PR? (Kj^ = 100, K = 1500 and =1) and 
Run PR8 (Kj^ = 100, K = 1500 and = 0.5) respectively. 

This increase in bending moment is slightly more for 
non-homo geneous soil considered than homogeneous .soil. 
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4. 4. 4. 4 Spread of plastic zones 

Development of plastic zones liave been shown in 
Pigs, 4.25 to 4*29. Shear failure of interface starts with 
loads as small as one fourth of the ultimate hearing 
capacity in all the cases considered. The plastic zones, in 
general, start developing near pile- tip and footing edge 
and these zones spread simultaneously as load is increased. 
Oomparison of Run PR7 (adhesion factor = 1.0) and Run RR8 
(adhesion factor = 0.5) shows that spread of skin friction 
failure as well as soil failure is faster for a = 0,5 than 

ci 

for = 1.0 (Pigs. 4*25 and 4.26). Por the range of 
parameters considered, the plastic zones around tip and 
around footing are observed to he distinct. The zone 
near pile-f.doting interface is least prone to failure and 
these zones fail only near complete collapse. 

Comparison of Run PR8 and PR10 (Pigs, 4.26 and 4.28) 
shows that the plastic zones near collapse are similar for 
both the cases, even though the spread of failure is faster 
for Run PR10 (Pig. 4*28). This shows that the collapse ■ 
behaviour is similar, irrespective of pile compressibility 
and footing flexibility, for the range of parameters 
considered. 

Pig. 4.29 shows the spread of plastic zones for 
non-homogeneous soil condition. The spread of plastic 
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zone for this run (Run PR11), compared to homogeneous soil 
case (Run PR7, Rig. 4. 25), is similar except that in the 
non>- homogeneous case the plastic zones spreads to shallower 
depth "both helow the footing and pile. Top portion of pile 
is less prone to skin friction failure in non-homo geneous 
case than homogeneous case. 

Compared to unpiled footing, in the case of piled 
footing, the plastic zones, in general, spread to greater 
depth heloY/ footing. Compared to single pile also, the 
plastic zones spread to greater depth below pile, in the 
case of piled circul.ar footing, for the cases considered. 

The reason for this may be that in the case of single 
pile, once complete skin friction failure occurs, the soil 
is free to move, whereas in the piled circular footing 
it is not so. 

for adhesion factor to 0,5 (Runs PR8 and PR10), 

it can be observed in Pigs, 4,26 and 4.28, that the plastic 
zone below footing and that around pile tip, do not meat 
each other, whereas for oc^ = 1,0, they meet each other near 
the collapse. This may be the reason for the difference 
in bearing capacity of piled circular footing compared 
to the sum of bearing capacities of annular footing and 
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single pile observed previously (Sec. 4 . 4 . 4 , 1 ) for a^=1.0 
and “ 0,5.(l'or = "I«0, ITumerical Collapse pressure=132 0^^ 

Tbe sum = 134 C!^o*■ ~ Numerical collapse pressure 

= 126 The sium = 116 G^o) . 

4. 4 . 4 . 5 brained behaviour of piled footing 

The study taken up here is confined to undrained 
response of piled circul.ar footing. Study of drained 
response of the sane vrould be worthwhile. However, some 
indications of drained behaviour are available from the 
model tests performed by P,alk and Naborczyk (101), 

4kinmusuru (2), and Knabe (79), on piled footing set in sandy 
soil. Prom these works, it has bem observed that the bearing 
capacity of piled footing set in sandy soil is considerably 
more (about 30 percent more in some cases), than the sum of 
bearing capacity of footing and single pile. It is of 
interest to note that from the present analysis, it is 
observed that in the case of saturated undrainod clay the 
bearing capacity of piled circular footing is roughly 
equal to this sum. 

Some studies made using Tresca omd brucker *-l*rager 
yield criteria .and assooiatad computation diff iculties- 
have been presented in Appendix b. 
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4-. 5 GOMPiRISOlT OP OOMPU'TIITG TIME , 

The GPU times required for .some runs, has teen compared 
in Table 4«4. It can be observed that the GPU time increases 
as the number of increments and/or the maximum number of 
iterations specified increases. Prom the trend of load- 
settlement curve for single pile (Pig. 4*10), for circular 
footing (Pig. 4.8) and for piled circulfar footing (Pig. 4. 13), 
it is observed that the maximum number of iterations ' that 
may be specified to asses the collapse satisfactorily is 
less for single pile .and more for piled circular footing 
and circular footing. Hence elasto-plastic analysis, by 
the present procedure, may require . considerably more GPU 
time than analysis of single pile. This may be because the 
failure is rather sudden in the case of single pile and 
fairly gradual in the case of circular footing and piled 
circuit footing consid' red. 

4.6 GOUGLUSIOUS 

1. Using six noded interface .elements to model interface 
behavioir and parabolic isoparametric elements to 
model the material behaviour, the load-deformation 
response, spread of plastic zones and collapse load 
can be determined satisfactorily by means of 
’initial stress* finite element elasto-plastic 
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analysis, for any complicated geometry of tlae 
problem. 

2. The hearing capacity of a circular footing, subjected 
to central column loading is not sensitive to footing 
flexibility in the range of =1 and % = 100. 

3. Bending moment (Non-diaml.) reduces for rigid footing 
'and increases for fairly flexible footing, subjected 

to central column loading, as collapse is approached. 
However, these effects are small (about 10 percent). 

4. The effect of adhesion between footing' and soil on 
th-’ numerical collapse load, is not substantial 
(less than 10 X ) • 

5. In the case of single pile, small tensile mean normal 
stress zone develops near the pile tip, as collapse is 
approached. However, it may not influence the results 
significantly. 

6. The bearing capacity of circular footing and single 
pile, computed from finite element el asto -plastic 
analysis, agrees satisfactorily with conventional 
solutions. However, finite element method can be 
used for studying the complete progressive failure 
mechanism and also for determining collapse load for 
problems involving more complicated geometry and/or 
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material behaviour, which cannot be solved by 
other methods, 

7. The bearing capacity of piled circular footing in 
saturated clay in undrainsd condition, may be approx- 
imately assumed to be equal to the sum of the bearing 
capacity of pile and footing in contact with soil. 

The bearing capacity of piled circular footing is not 
significantly affected by footing flexibility and 
pile compressibility for the range of parameters 
considered, 

8. The bearing capacity of single pile and piled circular 
footing can be significantly increased by enlarging 
the- tip of the pile.. 

9. Provision of pile in a, circular footing is more 
advantageous in the case of non-homo geneous soil, 
in which the shear strength increases with depth, 
than homogeneous soil, in increasing the bearing 
capacity, 

10. As collapse is approached the footing bending moment 
increases in the case of piled circular footing and 
this effect is more for compressible pile and flexible 
footing. 
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11. Plastio zones around tip of pile, plastic zones 
below th^' footing and skin friction failure of 
pile-soil interface, spread simultaneously, as load 
is increased in the case of piled circular footing. 
loT the shallow pile considered, the failure zones 
around pile tip and footing base are fairly distinct. 
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T^LE 4.1 OIRGULiR EOOTIITO 
(Details of Computer Runs) 
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TABLE 4.2 SINGLE PILE 
(Details of Computer Runs ) 
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Only in Run No. P10 and P6 weight of soil has been considered 
and soil has been treated as no tension material. 


TABLE 4--.3 PILED OIRGUIiR FOOTING 
(Details of Computer Runs) 
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T/iBLE 4.4 
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Fig-412 PilttcJ circular footing Load -displacement Curve 
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FiG.4.14 RAFT SEMOSWO MOMENT AND CONTACT PRESSURE 
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Fig. 4*19 (a) & (b) Percentage tip load { PTl } Vs q/ C uo 
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SETTLEMT AITADYSIS 0? PILE &ROUP i^ilD PILE-RjgT 
UHDSR DIggSRENT SOIL GOMDITIOWS 

5.1 INTRODUCTION 

Methods available for deteimining the settlement of 
pile*-raft (rsift is in contact with the soil medium in addition 
to being a pile cap) and pile group (free standing), set in 
elastic continuum can he broadly listed as follows. 

1. Three dimensional finite eluent analysis Ottaviani(98)) 

2. Boundary element method (Butterfield and Banerjee (24), 
Banerjee (7), Banerjee and Butterfield (8), and Banerjee 
and Davies (9)) . 

3. Interaction factor method (Davis and Roulos (56), 

Poulos (108), and Poulos (109). 

Three dimensional finite element analysis can be used 

to handle any complex situation in soil and/or foundation. 

But it is very e33)ensive even if a linear analysis is 

attempted. Ottaviani (98), has done linearly elastic 

2 

analysis of a anall group of 3 piles and the computation 
time required was 200 minutes, Non»-linear analysis may be 
prohibitively costly, ilso, separate analysis is required 
for each individual geometrical configuration of the system. 
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Boundary element method is limited for cases for which 
complete solutions are availahle for point load anywhere inside 
the medium. Aso, if applied to pile group, this method 
requires separate analysis, for each individual case as 3 dimen- 
sional finite element method, iccordingly this method may 
also he expensive if a number of cases are to be studied. 

One of the relatively economical method is probably 
•interaction factor method' (Poulos (107)). This method requires 
the determination of settlement of 'single unit' under unit 
load, which may be termed as 'Influence ' Ooefficient, (factor)'. 

Bor free standing pile groups, 'single unit' refers to single 
free standing pile and for pile-raft 'single unit' refers to 
single pile with a square or equivalent circular cap whose 
plan area is equal to square of the spacing(s) between the 
piles, for square arrangement of piles. 4lso, it requires the 
determination of 'interaction factors' between two such units. 
'Interaction factor 'denotes the additional settlement of the 
unit in question due to unit load on the other units. Influe- 
nce factors and interaction factors have been discussed and 
results have been presented by Poulos and Davis (111), for 
wide range of parameters, for homogeneous isotropic elastic 
half space. These factors have also been presented by 
Poulos (109), for certain cases of soil non-homogeneity. 
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computed after making certain approximation for the case 
of free standing piles, 4pproximate method of determining 
the influence factors and interaction factors have also been 
described by Randolph and Wroth (114), which can also be used 
for problems concerning non-homo geneous soil. However, these 
approximate methods of determining interaction factors, have 
been used mainly for 'G-ibson' type soils (Poulos (109), 
Randolph and Wroth (II4)), Saner jee and Davies (9) have 
also solved some pile group problems for this type of soil, 
Banerjee and Butterfield (8), have solved a particular case 
of pile group in a multi-layered soil medium, using boundary 
element method. The effect of cross-anisotropy does not 
appear to have been studied for piled foundations. The 
interaction factors have not been presented for pile-cap units 
set in non-homo geneous or anisotropic soil. 

If a pile-raft of any arbitrary geometry and stiffness 
is to be analysed, it requires the determination of some more 
interaction factors (Hain and Lee (68) and Wiesner and Brown 
(144-)). Knabe (80) has proposed a general method of analysis 
of pile-raft system; but this method requires a number of 
finite element analyses, for analysing a single case. However, 
Knabes* (80) method can be used for analysing pile-raft set 
in non-homo geneous and/or anisotropy soil. The above analys-s 
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are likely to le expensive, compared to Poulos and Davis (111) 
analysis, particularly so, if soil is arbitrarily layered 
and/or anisotropic, as these methods would require a number of 
finite element analyses for the determination of interaction 
for each case, or would require three dimensional finite 
element representation of soil (Hain and Lee (68)). For 
square arrangement of piles, the procedure described by Davis 
and Poulos (56) have been shown to be adequate if the cap is 
perfectly rigid or perfectly flexible (for uniformly distri- 
buted loading), if only settlements are required (Brown et al 
(17)). So this method has been used for the analysis of pile- 
raft herein. Two dimensional idealisation may be possible 
for certain configuration of pile-raft. One such case has 
been solved using axi-symmetric finite elements, in 
Chapter 6. 

In this Chapter linear interaction factor method of 
analysis of Poulos and Davis (111) is extended to handle 
any arbitrary layering of soil and/or any arbitrary variation 
of modulus with depth and/or anisotropy, by combining finite 
element method, ilso, a ’non-linear interaction factor method 
of analysis' is described. A number of cases of pile groups 
and pile-rafts with square arrangement of piles, set in 
different types of soil (homogeneous, non-homo geneous and 
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transversely isotropic) have been solved by the proposed 
methods. Gomparison has been made with available solutions 
in some cases. Effect of different parameters, on the 
behaviour of pile group and pile-raft has been discussed in 
detail. 

5.2 METHOD OF ^TjtLYSIS 

5.2.1 Linear El astic Analysis 

5. 2. 1.1 Interaction factor; 

The interaction factor (Ij, j) is defined as follows, 

= settlement of ith unit due to unit load on 
jth unit (Fig. 5.6). 

When i = equals the influence factor, 

may be more correctly called as interaction coefficient. 
Since interaction factor is more familiar tem, it has been 
used throughout. However interaction coefficient can be 
converted into interaction factor ( a ) readily by dividing it 
by the settlement of single unit due to unit load) . 

The above definition of interaction factor is slightly 
different from that of Poulos and Davis (111), who have defined 
interaction factor based on two equally loaded units. Gooke 
et al.(36) have used the present definition of interaction 
factors successfully in their esparimental investigation. 
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It is assumed in this -work that the presence of piles 
can be ignored, while computing the interaction fac-tors. 

Hence the interaction factor at any distance r can be 
computed from the settlement of soil at radial distance r, 
due to unit load on the unit in question. So the values of 
can be determined from an axisymmetric finite element 
analysis of single unit or from field test of single unit 
(as in I'ig. 5.1(c)). Interaction factors have also been 
computed using finite element analysis, neglecting the presence 
of piles as done herein, by Randolph (154)* also, in the case 
of piles subjected to lateral loading. The error due to this 
assumption is likely to be more for closer spacing of piles 
than for larger spacing as pointed out by Gooke (34), who has 
made same assumption and has used field load test data for • 
the assessment of interaction factors. 

Since a condensation procedure described in Appendix A 
was used, the influence factors and interaction factors were 
obtained for capped units of different cap rigidities 
subjected to different loading and also for single free 
standing pile from the same run. The essential advantage 


* This reference appeared when this part of work of thesis 
was completed. 
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of the present method of computing the interaction factors 
is that computation for non-homo geneous and/or anisotropic 
soil condition does not pose any special problem. 

5. 2, 1.2 Method of analysis 

Once influence factors and interaction factors are 
determined the computation of settlement of pile group and 
pile-raft can be done as described by Poulos and Davis (111). 
The computation procedure is briefly described below. 

The load- settlement relation can be written as 

&l33tri>= te.i) (5.1) 

M 

S P. = P (5.2) 

i=1 ^ 

where = influence and interaction factor matrix 

(flexibility matrix) 

{Pj^ }= the load vector 
(6^) = settlement vector. 

Equations 5»1 and 5.2 can be solved to deteraine the settle- 
ment vector for either perfectly rigid or perfectly flexible 
cap condition. In the former case fhe vector { } contains 

equal terms Sq and vector { P^} unknown. In the latter 
case .{P|^} is known and { } is unkno^vn. 
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5.2.2 Ion-linear In teraction Factor Me thod 
5. 2. 2.1 General 

In a pile group with rigid cap the load carried by 
edge piles are considerably more than the average load and 
the load carried by these piles may exceed its ultimate bearing 
capacity, even under working load conditions in some cases. 

This point has been observed in the theoretical results given 
by Poulos and Davis (111), as well as from the present 
analysis and also from field studies by Gooko et al (37,38). 

In a pile-raft, the applied load may be equal to or even 
more than the ultimata bearing capacity of free standing piles. 
Possibility of pile loads exceeding its bearing capacity is 
more for such pile-rafts. This necessitates non-linear settle- 
ment analysis of pile groups and pile-rafts. To make a 
rigorous non-line;ar analysis of pile groups and pile-rafts, 
3-dtmensional non-linear finite element analysis is required, 
which is very costly, ilso due to uncertainty in the 
accuracy of the parameters determined from testing of small 
Samples due to disturbance and difference in laboratory and 
field stress paths, such an expensive analysis may not always 
be justified. So a simplified non-linear interaction factor 
method of analysis is described below. 
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5. 2. 2. 2 Assumptions 

Influence factors and interaction factors are affected 
"by failure of soil around the unit in question and not 
affected hy the failure of soil near other units. This ass*- 
umption is likely to he satisfied if the spacing is not close 
and failure takes place over a anall zone around pile only. 
This assumption might be satisfied in most of the practical 
cases in the working load range. Davis and Doulos (56), have 
also made these assumptions in their analysis of pile-rafts, 
but they have used constant interaction factors (as per their 
definition), over the entire range of loading. They have 
varied the influence factors only, depending on load. In 
the proposed analysis, the interaction factors can also be 
varied depending on the load range. 

Superposition is assumed to be valid and it is likely 
to be fairly satisfied for working load range, as the failure 
zones may be small compared to the overall continuum parti- 
cipating in transmitting the load, Davis and JPoulos (56) 
have also made this assumption in their analysis of pile-raft 
and this assumption is unavoidable in such methods. Impli- 
cation of this requires verification by model/field studies, 

5. 2. 2. 3 Determination of interaction factor 

Determination of these factors is the most important 

part in the analysis and the subsequent computation part is 
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strai^t forv/ard. These factors may he obtained either 
from field load tests or theoretically by elasto^-plastic 
finite element analysis of single unit. Both of these 
procedures are described below. 

After installing the group of piles, load tests may be 
performed in the field on a few representative units. (The 
unit may be single free standing pile or single pile with 
a square cap, which forms a typical unit of pile-raft system) . 
Complete load-settlement curve of such units may be obtained 
from load tests. The settlement of other piles due to 
load on the pile in question may also be measured, from which 
the interaction factors for different load ranges can be 
assessed. It may be noted that' the interaction factors for 
the actual pile reinforced continuum is obtained. The instru- 
ments developed recently, for the accurate determination of 
small displacements (Cooke et al (36)), may be very useful 
for such field measurements. Theoretically load test has 
to be carried out on each unit. Since soil is usually 
horizontally layered, by testing a few representative units 
at corner, middle of the edge and centre of the group, the 

different interaction factors can be assigned. Por example, 

2 

for a group of 4 piles, only 5 units need to be tested. 

The load settlement curves can be approximated into 
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multi-lineiir portions (as in Fig. 5.4). A tri-lineax 
approximation is expected to be sufficient for most of the 
cases, as observed from the shape of load-settlement curve 
of single unit, obtained by el asto -plastic finite element 
analysis (Fig. 5.3). Ooi^sponding to each linear portion, 
the interaction factors can be assigned, for different 

units from the measured settlement of different piles, due to 
load on other piles. 

Alternately, the influence factors and interaction 
factors for different loading ranges may also be obtained 
from incremental el asto -plastic finite element analysis of 
single unit. Part of the results of one such analysis is 
shown in Fig. 5.3* The load settlement curve obtained can be 
divided into multi-linear, portions. The interaction 
settlement curve for r = 1.125 d^ (where r is the radial 
distance from centre and d^ is the diameter of the cap), 
is shown in this figure. Similar curves for required values 
of r can be plotted. From these curves, the values of 
Ij_j, for different values of r can be computed, for different 
load ranges, which can be used in a general non-linear 
analysis explained subsequently. 

However, a bilinear appaxjximation was used herein to 
illustrate the method, for pile-raft. The bilinear 
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approximation used is also shown in Fig. 5.5. The same 

bilinear approximation was used in the calculation of 

settlement of piled circul.ar footing as explained in 

Chapter 2, Therein, the said approximation was arrived at 

from an approximate (excess load cut-off) elasto-plastic 

analysis. From Fig. 5.3, it is observed that the same 

approximation fits satisfactorily with the results of 

elasto-plastic finite element analysis, using von-Mises yield 

criterion. The details of this analysis has been explained 

in Chapter 4, From the interaction settlement curve, it is 

also seen that the same approximation is satisfactory for 

interaction factors also. Hence, it is assumed that the 

-1 

first linear portion extends upto a load of 
where 

P^ax " (UBC + UBC/PPl)/2 (5.3) 

in which 

U3C = ultimate be;aring capacity of pile 
PPI = percentage load shared by pile. 

The slope of the first portion corresponds to the elastic 

■*i . ' 

stiffness of pile-cap unit. The interaction factors also 
correspond to the elastic interaction factors of a single 
unit. The slope of the second portion correi^onds to the 
elastic stiffness of circular raft. Interaction factors 
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for second portion also correspond to those of circular 
raft. These factors were obtained from elastic analysis 
of single unit and circular raffc. 

It can he observed from Eig. 5.3, that the interaction 
settlement does not increase as settlement of the unit does, 
for greater loads. Or in other words interaction is less 
as plastic zone spreads. This is because, as the soil fails, 
the settlement of the unit increases; but this effect is 
local. The effect at locations away from the unit is less 
pronounced. This aspect does not appear to have been 
considered in the non-linear interaction type analyses 
reported (Davis and Poulos (56), O'Neill et al (97) and 
Awoshika -and Reese (4-)). 

Interaction factors can also be obtained from the field 
load test of single unit and measurement of settlement at 
different radial distances before the installation of the 
entire group of piles, ignoring the presence of other piles, 
as done in the theoretical method explained above* 

5. 2. 2. 4- Method of non-linear analysis 

If the load settlement curve .and interaction settle- 
ment curves are assumed to be multi-linear (with N linear 
portions), as in Eig. 5*4, the load settlement relation of 
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the system containing M units can he written as, 


tl^ 1 } + ll^l } . . . 1 ] {P^} . . . 

l&M Mx1 MxJI Mx1 IfeM J/bc1 

F 

...+ [% 1 {P } = {6 } (5.4) 

MxM Mx1 Mxl 

where {P^} and are the load vector and interaction 

factor matrix, for the ith linear portion, respectively. 
Different terms in matrix can he obtained from inverse of 
slope of curves like those shown in Pig* 5.4, for the ith 
linear portion. For example, in t I J is the 

inverse of slope of curve A, and is the inverse of the 

slope of cuirve B, in Pig. 5.4* (5 ) is the settlement vector. 

Subscript j refers to the jth unit. P^ refers to the 

maximum load range for ith linear portion and for jth unit. 


m 

If the cap is assumed to he completely flexible, {P } 


is known. Direct substitution of P"!!, in equation 5*4 

J 

gives the settlement of different units. It may be noted, 

2 


that P^ < P^^_ and P^ ,-. pL.^ - • - 
T 

where P. refers to the total load on jth unit. 

t) 


^4 


If the cap is assumed to be perfectly rigid, the Eq.5.4 
will have to be solved along with the following boundary 
conditions. 
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{ 6 } = 6o(l1 ... 1)^ (5.5) 

E (11 . . . 1) } = P (5.6) 

D=1,M J 

i=1,N 

where P is the total applied load and 6^ is the settlement 
of rigid cap. 

In this case ^ ^ ^ ^ are unknowns. Solution is obtained by 
iteration as follows. 


X *1 

Initially all t P . > except { P 1 } are made zero. 

J J 

o and { P^ ) . If P^ 
1 ?> ^ 


Eq. 5.4, 5.5 and 5.6 are solved for 6 
exceeds p] s] Is made equal to . . 

is treated as unknown. Agaxn it is resolved to obtain new 


values of 6 and { P^} . If any P^ exceeds P 


d 


' jmax 


P^ is 

J 


X i+l 

made equal to an<3. Pt ks treated as unknown. The 

iterations are continued till, all the values of P^ are less 
than or equal to ^^Lways there would be (M+1) unknowns, 

where M is the number of units (i.e. M number of unknown 
loads P^ and one value of 6 q) . 

By computing the settlements for different values of 
applied load P, it is also possible to trace the load-settle-r 
ment response of pile group or pile-raft. 


5. 2, 2, 5 Bilinear analysis 

The bilinear analysis used herein for illustration is 
a special case of general non-linear analysis described above 
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(wTaere IT = 2) . i. detailed description of computation procedure 
for this analysis is presented in appendix E. Such analysis 
may he useful in the preliminary stage of design. Eor 
homogeneous soils, the relevent interaction factors have been 
given hy Poulos and Davis (111), for pile-cap (Rigid) units 
for semiinfinite elastic continuum. The influence factors 
and interaction factors for circular raft, which are required 
to model the second portion of the bilinear idealisation 
(5. 2. 2, 5) can be obtained from Poulos and Davis (110). Eor 
problems involving layered soil, modulus varying with depth, 
anisotropic soil etc., these factors can be obtained by 
axi-symmetric f initeelement analysis, as has been carried 
out in the present work (Sec. 5.2, 2,3). Eor more rigorous 
analysis, interaction factors obtained from field load tests 
or from elasto-plastic analysis of single units, as explained 
earlier, may be used, in a tri-linear or multi-linear 
analysis. 

5. 2. 2. 6 Limitations and advantages 

The limitation of the method described, in the case of 
pile-raft, is that the analysis requires the assumption of 
square arrangement of piles, Another limitation is, that the 
cap is assumed to be either perfectly rigid or flexible. 
However, if the cap is of finite rigidity, the problem can 
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be solved for the two extreme cases of perfectly rigid or 
flexible cap, which gives the bounds of the solution. 

Essential advantages of the proposed method are, 

1. It is economical^ once the influence factors and interaction 
factors are determined, the computing cost is negligible, 
compared to 5-dimenstonal finite element analysis. It 

was observed that the bilinear analysis carried out, required 
only 2 or 3 iterations to get the results. 

2. It is possible to use the actual field load test results 
rather than to rely on laboratory test results on small 
representative samples. 

5.2,3 Oomputer Programs Developed 

Three computer programs were developed for the 
analyses reported in this Chapter, with the following 
capabilities. 

1. linear 'interaction factor* analysis of pile group with 
rigid cap. (Program RIGPG) . 

2. Bilinear interaction factor analysis of pile-raft with 
rigid cap (Program RIGPR). 

3. Bilinear interaction factor analysis of pile-raft with 
flexible cap (Program PlEXPR) . In all the three programs, 
the influence factors and interaction factors are to be fed 
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as input data. - The program interpolates the interaction 
factors for required values of r (radial distance) using 
the values at three points, so that the middle point is 
nerar r. Then the program computes the settlement of pile 
group/p ilei-raft, values of and Rg and load shared hy 
individual piles, for different pile group/pile-raft conf-- 
igurations. 

5 .5 FINITE ELEIIERT JlNilYSIS 

Eetails of finite element analysis used to study the 
"behaviour of piled circular footing, single pile and circular 
raft have been described in Chapter 2. Results concerning 
the behaviour of such units were discussed therein. From 
the Same analysis, the interaction factors were also 
obtained for circular raft, single pile and piled circular 
footing, as explained in Sec, 5. 2, 2, 3. 

For analysis of pile-raft with rigid cap the inter- 
action factors were taken from the analysis of circular raft 
and piled circular footing with = 100 (Kj^ is the relative 
rigidity of the footing or raft as defined in Eq, 2.1 in 
Ohapter 2), For analysis with flexible cap, the results 
from the analysis with % = were used. 

The details of elements used, mesh etc., have been 
presented in Chapter 2, It was found that satisfaetoiy 
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results of interaction factors (By comparing with the factors 
given hy Poulos and Davis (111)) can he obtained, if the right 
hand side boundary was kept at a distance of, at-least 
equal to twice the length of pile (Bor mesh, Pig. A.1 in 
Appendix- a). It was also found that if the layer depth is 
large compared to the right hand side boundary, the inter- 
action factors are more sensitive to the type of right hand 
side boundary (free or restrained). In such cases, the inter- 
action factors computed by taking average of values for 
free and restrained right hand side boundary was found to 
give satisfactory results. It was also observed that, when 
the right hand side boundary was restrained in the horizontal 
direction, the interaction factors near the right hand side 
boundary became negative. Due to these reasons the right 
hand side boundary was kept free at 50 d from the centre line 
(d is the diameter of pile), as X/d = 10 and X/d = 25, have 
been considered, in the present work. The bottom rough rigid 
boundary was kept at 80d, from the ground level. 

5.4 PiRiMETERS OORSIDERED 
5.4.1 General 

Solutions have been obtained for pile group and pile- 

2 

raft, consisting of square arrangement of piles with 2 , 

2 2 2 2 

3 > 4 , 5 and 6 units, set in homogeneous, non-homo geneous 
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and oross-aniso tropic soil medium. The geometry of the 

problem for a typical case of pile group and pile-raft 

2 

consisting of 4 units are shown in Fig. 5.6. If s is the 
spacing of the units, the equivalent diameter (dg) of 
single unit for pile-raft is given by, 

s=iTx (5.7) 

Following parameters were considered^ 

No. of units = 2^, 3^, 4^, 5^ and 6^ for d^/d = 5 
No. of units = 2^, 3^ and 4^ for d^/d = 10 

n = 0.5, 1 and' o®. 

where n = ultimate bearing capacity of single pile/applied 
load per single unit. 

( n can be equal to or even less than 1 for pile-raft, as 
raft may contribute substantial bearing capacity). 

Poisson's ratios of pile and cap material = 0,15. 

The group factors Rq. and Rg (Poulos and Davis (111) are 
defined as follows. 

Group reduction factor (Rq.) = settlement of pile group or 
pile-raft/ settlement of single free standing 
pile, under the same total load. 

Settlement factor (Rs) = settlement of pile group or pile-raft/ 

settlement of single free standing pile for the 
• same average load as a pile in the group. 
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= 100 (for rigid cap) 

= 0.1 (for flexible cap). 

5.4.2 Homogeneous Soil 

I/d' = 10 .and 25 
dg/d = 5 and 10 

K = 1500 and 200 

Vg = 0,0.5 ^and 0.47. 

^ Transversely Isotropic Soil 

The definition of anisotropic parameters Have been 
given in Sec. 2.2.2, in Ohapter 2. 

l/d = 10 and 25 
dg/d = 5 and 10 

K = 1500 and 200 
For incompressible material: 

'' sir — '’ sh =''-“/2 

n = ®SH^^SV ~ ^ ^ 2.5> 3*5 and 3.98. 

m = 0.38. 

For drained condition: 

V * g.y = 0 , V g “’"0.55» m = 0*76 j n* = 3. 

(These p.arameters approximately correspond to undrained 
case with n = 2.5, as explained in Sec. 2.2.2, Ohapter 2). 
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5 . 4 • 4- ¥on>-h.omogen eous Soil 

Definition of non‘-]iomogeneity paramoters and description 
of different types of non-homogeneity considered have been 
given in Sec. 2.2.2, Chapter 2. 

5 *4.4.1 Modulus linearly increasing v/ith depth (Fig. 5. 22) 

(Eq. 2.1b, Chapter 2) = 2.5 and 10 

K = 1500 

L/d = 10 and 25, Vg = 0.3. 

5. 4.4* 2 Layered soil 

A two layer soil mediixm in which a softer soil underlies 
a stiffen soil is considered (Fig. 5.26). 

K — Ep/Egu = 4-00 

Eggi/Egp=* 5 in most of the cases. 

Eggj/Egg= 3 and 10 in some cases. 
h/L = 0.1, 0.4, 0.5, 1.0 and 1.5 

where 

Egp = Young's modulus of top soil 

Egp = Young' s modulus of bottom soil 
h = thickness of top soil layer 
L/d = 10 and 25, d^d = 5 and 10 

Vg = 0.3. 
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5. 4. 4. 3 Hon-homogeneity due to the effect of installation 
Method of considering this type of non-homogeneity, 
definition of parameters, description of syrahols used etc., , 
have been explained in Sec. 2.2.2, CJhapter 2. 

Sandy Soil^ 

Iq = homogeneous soil 

= modulus as shown in Fig. 5.32(a). 
d^/d = 5, h/b =10, K = 1500 and Vg = 0.3. 

Glayey soil; 

Iq = homogeneous soil 

I^, l 2 > and = modulus as shown in Fig. 5.32(b). 

1 2 and = refers to soft clay which may become stiffen 
due to the installation of driven piles. 

and = refers to stiff clay which may become softer 
due to the installation of bored piles. 

K = 1500 for soft clay 

K = 500 for stiff clay 

= 0.47, 1/d = 10, dg/d = 5. 

5.5 OOMPiRISOI OF RESULTS 

Some of the results obtained for homogeneous -.soil 
condition are compared with solutions given by Foulos and 
Davis (111) in Figs. 5.1 and 5.2 and Tables 5.1 to 5.6. It 
is seen in Figs. 5.1(a) and 5.1(b), that the interaction 
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factors computed from the axi>- symmetrical finite element 
analysis are in close agreement with those reported by 
Poulos and Davis (111), for both free standing piles and 
pile-cap units, for V<i = 10 and V<i = 25, if H/X was kept 
equal to 8 (1 is the length of pile and H is the thickness 
of the soil layer). For L/d = 25 and H/X = 3.5, there is 
some difference between the results of both the analyses. 
This difference may be attributed to the effect of finite 
layer and compressibility of pile. 

In Fig. 5.2, the values of settlement factors 
Rg (Sec. 5.4.1), for different free standing pile groups 
are compared, with those obtained by Poulos and Davis (111). 
The agreement is good for H/X = 8. Since there is no 
solution available for a combination of finite layer and 
compressible pile, exact comparison could not be mads, for 
such cases. 

It was found, from a separate analysis, that the 
computed loads carried by individual piles, ate not very 
sensitive to the finite layer thickness, if the l.ayer depth 
is considerably large, compared to pile length. Hence 
comparison of computed pile loads can be made. This may 
be a more rigorous test of accuracy than comparison of 
settlement (Rg). The computed values of loads taken by 
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individual piles are preSvsnted in Tables 5.1 to 5.6. A 
comparison of these results reveal that there is less than 
4 / difference in pile loads for a spacing of 5d, for both 
K = 200 and' 1500 and for both h/d = 10 and 25 ^ Por a 
spacing of 2d also, the difference is small except for the 
piles carrying very small loads, which are highly sensitive 
to the values of interaction factors. Hence, it can be 
concluded that the present method of obtaining interaction 
factors from finite element analysis, gives results of 
comparable accuracy as that of Poulos and Davis (111). 

Por closer spacing of piles, the results from both the 
methods are likely to be less accurate than in the case of 
larger spacing, as the physical presence of the piles, at the 
locations of which interaction factors are computed, is 
neglected in the present analysis and the presence of piles 
is completely neglected by Poulos and Davis (111). The 
essential advantage of the present method of assessing the 
interaction factors is that this procedure can be used in 
a straight forward manner to layered soils, anisotropic soils 
etc. 

In Pig. 5.5, the results of present analysis and 
Poulos and Davis (111) analysis are compared for pile*-raft 
(Rigid) consisting of different number of units, in a 
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square configuration. Tlie settlements (Rq.) are in good 
agreement for both L/d = 10 and Ii/d = 25, if H/li is equal to 
8. The small difference in the case of l/d = 25, K = 1500 
and H/1 =3.2, may be attributed to the effect of finite 
layer and compressibility (In Poulos and Davis (111) 
analysis valiies of both K and H/1 have been taken as oo) . 

5.6 RESULTS jiND DISCUSSION 

5.6.1 Homogeneous Soil 

Eor homogeneous soil condition the effect of different 
parameters on free standing pile groups, has been discussed 
extensively by Poulos and Davis (111). Hence, pile-raft 
analysis only isdi.scussed for this soil condition. 

5. 6. 1.1 Pile-raft with rigid cap 
Effect of pile compressibility: 

It can be observed in Eigs. 5.5 and 5.7, the 
effect of pile compressibility on Rq. is very small for l/d=10 
and quite considerable for l/d = 25, for pile-raft (rigid), 
consisting of larger number of units. The effect in the 
latter case is about 30*4 for larger group and about 13 */ for 
single unit when Rq. for K = 200 and K = 1500 are compared 
Effect of Poisson's ratio, of soil ( ‘ 

on the value of Rq., is found to be 


The effect of 
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appreciable (I'ig. 5.7). Prom Pig. 5.7, it is observed that 
the value of Rg. for = 0 is about 25 more than that 
for = 0.47, for l/d = 25, E = 1500 and d^/d = 5. The 
ratios of Rq. ( = 0)/Rq. ( = 0.5) computed from the 

present analysis are compared with the values computed by 
Poulos and Davis (111), for rigid raft*-incompressible pile 
system in a semi- inf in ite mass of soil, in Table 5.7. The 
comparison reveals that there is good agreement. The ratio 
of Rq. ( ~ 0»3)/Rg. ( s - 0.5) computed from the present 

analysis was also found to agree with the results of Poulos 
and Da.vis( 111) approximation, assuming linear variation of 
Rg. with (These ratios were 1.1 and 1.09 respectively). 

This indicates that the corrections for ''g suggested by 
Poulos .and Davis (111), are not very sensitive to finite 
layer and compressibility of pile, in the range of parameters 
considered (K = 1500 and H/D 5.2). 

Load carried by individual piles; 

The loads carried by individual pile-normalised with 
ultimate bearing capacity of single pile-computed from 
elastic analysis for certain parameters have been tabulated 
in Table 5.8, for b = 1 . It can be seen from these results 
that the corner piles will have to carry load of about 
double the ultimate bearing capacity of piles. The piles 
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in the interior caxry very small loads. This shows the 
necessity for soma kind of non-linear analysis. If the 
soil is assumed to be clay in undrained condition, the bearing 
capacity of pile-raft is approximately equal to the sum of 
bearing capacity of piles plus that of raft in contact with 
soil (Sec. 4«4.4-.1 and Poulos and Davis (111)). for the 
parameters used, for the analysis reported in Table 5.8, 
using conventional theory (Bowles (14)} the factor of safety 
works out to be 2,5. Hence this situation can occur in 
practice. 

Effect of failure of piles: 

The effect of failu^re of piles can be assessed from 
the results bf bilinear anallrsis reported, for n =0.5 and 
1.0, in Pigs, 5.5 and 5»7. Such effect of failure of 
piles, is mdre in cases in which pile is more dominant in 
the system and the value of Vg is small (as seen in Pigs. 
5,5 and 5.7). Por X/d = 10, the effect of pile failure is 
small (less than 10'/ ), as seen in Pig. 5.5, for the cases 
considered. Por l/d = 25 and ~ effect of 

failure of piles is considerable; for B = 0.5, the pile 
failure increases the value of Rq. by more than 50 / 

p '2 

for 2 units and by 25 / for 6 units (Pig. 5.7). The 
effect of pile failure decreases as group size increases. 
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It can also be seen that the approximation suggested by- 

Davis and Poulos (56) (Eq. 5.7), to account for pile failure 

is in close agreement v/ith the present bilinear analysis, 

2 

for Ti = 0.5, except for single unit and 2 units. The 
present analysis differs from Davis and Poulos" (56) approx- 
imate analysis, as mentioned below. 

1. In Davis and Poulos* (56) approximation, the variable 
nature of load distribution among different units, has not 
been considered and settlement allowing for pile failure is 
calculated as follows. 

S = X X UBG X M + Ij^ x (P-U3G x M) (5.7) 

where 

S.jp = settlement of single pile V7ith unit load 

UBG = ultimate bearing capacity of single pile 

M - number of units or piles 

P = total load 

^RR “ settlement of raft (rigid) under unit load. 

■> In the present bilinear analysis, the variable nature 
of loads on individual piles, is considered. 

2. The load at which failure of piles occur is assumed 
to be equal to UBG of pile in Davis and Poulos* (56) 
approximation. In the present analysis, it is assumed to be 


i 
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different for rigid raft-pile =0.1) units, subjected to 
uniformly distributed load over the entire raft area. 3)he 
difference between them is about 15 to 20 ^ . In Pig-S-SCa), 
it can be observed that the value of Rq_ computed using '' 
these interac-tion factors are not significantly different, 
for both values of K and at the centre as well as at edge. 

The difference is less than 5 X • Ibe reason for such agree- 
ment, even though the influence and interaction factors 
are differing by as large as 20 /I , could be due to the 
possibility of the errors in these factors balancing with 
each other. (It may be observed that the influence factor 
is over estimated and interaction factor is under estimated, 
when the values for = 100 is used instead of the values 

for %= 0.1 (Rig. 5.8 (b)). It may be noted, that Brown 
et al (17), have compared the results obtained using Davis 
and Toulos* (56) method with those obtained using more 
rigorous ’plate on piles and continuum' approach (Hain and 
Dee (68)), for some cases of pile-raft. They have concluded 
that for very flexible cap with pile subjected to uniformly 
distributed load, results of settlement from Davis and 
Poulos' (56) approach, agree closely with more rigorous 
(Hain and lee (68)) analysis. The reason for such agreement 
may be the balancing of errors as discussed above. 
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In the case of flexible pile-raft subjected to uniformly 
distributed load, the possibility of pile failure is remote, 
as only small percentage of load is transmitted by the pile. 

In the present analysts also, it was observed that the 
solutions were same for n= 1.0 (i.e. elastic) and n =0.5* 

5. 6. 1.3 Effect of smooth contact between cap and soil 

The analysis reported in this chapter has been done 
assuming adhesive contact between cap and soil, using the 
interaction factors obtained from the analysis of single 
unit assuming adhesive contact. To investigate the effect, 
if the contact between cap and soil happens to be smooth, 
the interaction factors were computed for a few cases, 
from the analysis reported in Chapter 3, using interface 
elements to model anooth contact, A few cases of pile-raft 
with rigid cap was analysed using these interaction factors 
and these results have been compared with adhesive contact 
solutions in Eig. 5.9. Eor the value of v equal to 0, 
the effect of interface condition is expected to be 
maximum, as the effect of interface condition, on the 
settlement, was found to be maximum for this value of 
Poisson's ratio of soil in Chapter 3. It can be observed 
in Fig. 5.9, even for = Oj ‘tb-e effect of smooth contact 
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on the computed values of settlement (Rq) is.vary small, for 
both L/d = 10 and L/h = 25. Eor l/d = 25, the values of R^ 
obtained for smooth and adhesive contact almost coincide. Ror 
~ 0.47, the effect of smooth contact was found to be still 
less. 

The actual interface condition in the field may be 
in between perfectly smooth and fully adhesive contact, at 
raft-soil interface, as partial intorfacial slip may take place. 
Since the settlements computed for perfectly smooth contact 
and fully adhesive contact assumptions are in very close 
agreement with each other, assumption of either smooth or 
adhesive contact may give realistic values of settlement, 
for the range of parameters considered. 

5.6.2 Transversely Isotropic Soil 

A detailed description of transversely isotropic soil 
considered has been given in Chapter 2, Sec. 2.2.2. Definition 
of parameters and other details of analysis, have also been 
given therein. 

5. 6. 2.1 Pile group 

The computed values of interaction factors (oc) for the 
cross-anisotropic soil considered have been plotted in 
Pigs. 5.10 and 5.1'!. The corresponding values for isotropic 
soil have also been shown for comparison. It may be observed 
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from Fig* 5.10, for incompressi'ble material, the effect of 
anisotropy is to reduce the interaction, for smaller values 
of r and increase the interaction at locations far away from 
the pile, for both' l/d = 10 and L/d = 25 . it may also be 
observed that the interaction factors are not significantly 
affected if the soil anisotropy is mild (n = 1*5) and the 
effect of anisotropy @n a is small even for n = 2.5, As 
n increases beyond 2.5, its effect. on a increases rapidly. 

For the cross anisotropic soil in drained condition the 
effect of cross-anisotropy is to increase the 'interaction’ 
consistantly for all values of r (Fig. 5.11). 

Computed values of Rq., for incompressible material, 
for different values of anisotropic parameters have been 
plotted in Figs, 5.12 and 5.13. It can be observed that the 
effect of cross anisotropy of incompressible material is 
not significant upto n = 2.5 (The effect is less than 5 */ ). 
But for larger values of n, the effect of cross anisotropy 
on the values of Rg., becomes significant.' This is consistant 
with the trend observed in the case of interaction factors 
discussed above ( in this section) and also with the 
trend observed in the behaviour of single pile 
(Sec. 2,6.2). It may also be observed that for values of 
n nearly equal to A, the value of Rg. appears to tend to 
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isotropic soil value, as group size increases. 

The effect of cross anisotropy (for drained parameters 
considered) is to increase the values of Rq. This effect 
is more for larger spacing than for smaller spacing, as 
observed in Fig. 5.14. Maximum effect (for s/d = 5 and l/d=10) 
observed is about 17 percent. 

The loads carried by individual piles, for l/d = 10, 

2 

have been tabulated in Tables 5.9 and 5.10, for 3 Pile 
2 

group and 5 pile group, set in incompressible soil. It can 
be observed that pile loads are not much affected upto n = 2.5. 
It may also be observed that there is large difference 
between the load taken by corner piles and centre piles for 
n = 1 and as n approaches the limiting value of 4, the 
loads tend to be distributed equally among all the piles, 

5. 6. 2. 2 Pile-raft 

Pile-raft (with rigid cap): The values of interaction 
factors for different values of n have been plotted in Fig- 5. 15, 
for some cases of pile-raft systems. For incompressible 
material ( mq -g S- 0.5), it can be observed in Fig. 5.15, 
that the interaction factors are not affected much, by 
cross anisotropy, for values of n upto 2.5 (comparing the 
values of a for n = 1, 1.5 and 2,5). It can also be observed 
that the effect of cross-anisotropy is to reduce the value of 
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a for smaller values of r and the vice-versa for larger 
values of r» This l?rend is similar to free standing piles 
discussed (Sec. 5. 6. 2,1) earlier, Por values of n greater 
than 2,5, the values of a increase considerably as the value 
of r increases, compared to isotropic soil, for n = 3,98, 
the interaction factors appear to become independent of Ii/d. 

Por the drained cross-anisotropic parameters considered, the 
effect of such anisotropy is to increase the values of inter- 
action factors as observed in the case of free standing 
piles. This effect increases with r. 

The computed values of Rg. have been plotted in 
Pigs. 5.16 to 5,19, for different parameters. It can be 
observed from these figures, that the effect of cross aniso- 
tropy on Rg is small, for values of n upto 2.5, for all the 
cases considered. Por the value of n equal to 3,5, the effect 
of cross anisotropy is to reduce the value of Rg significantly, 
Por n = 3*98, the effect for small groups is to increase the 
value of Rg compared to isotropic soil. Por larger group, 
the value of Rg tends to that for isotropic soil. In 
general, the trends are similar to the trends observed 
previously (Sec. 5, 6, 2,1), in the case of free standing 
pile groups, When the pile failure is considered using bi- 
linear analysis (Sec. 5*2, 2, 5), the difference between the 
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values of Rq. for n =1 and n = 2.5, is slightly more than 
linear analysis, as ohseinred in Fig. 5.17, for n = 0,5. 

The results of analysis using drained cross anisotropic 
parameters have been plotted in Fig. 5.19» The effect of 
cross anisotropy is to increase the values of compared 
to isotropic case. This effect increases as the number of 
units increases. For 6 units, this increase is about 15 X • 
For n =0.5, from the results of the bilinear analysis, 

(also shown in Fig. 5.19) it can be observed that the effect 
of cross anisotropy is slightly more than that in the linear 
analysis. 

The loads carried by individual piles have been 
tabulated for a pile-raft (rigid) consisting of 5 units in 
Tables 5.11 and 5 . 12 . It can be observed that as th-i value 
of n increases, the pile load decrease in general. The 
ratio of maximum load to minimum load has also been tabulated 
for different values of n. It is seen that this ratio decreases 
as n increases. Or in otherwords, the loads tend to be 
uniformly distributed among thvO units as the value of 
n tends to the limiting value of ilso the portion of 
load transmitted by the piles decreases as the value of n 


increases 



306 


Pile-raft v/itli completely flexible cap; 

file results obtained assuming completely flexible cap 
for a particular case is shown in Pig, 5, 20(b), for n = 1 
and n=2,5« It can be observed that the value of is not 
affected much by the anisotropy for n = 2.5. It is also 
seen that the results obtained using the interaction factors 
for % " 100 and = 0.1 are also quite close to each other, 
as observed in the case of isotropic soil (Sec. 5. 6. 1.2). 

5.6.3 Ron-homogeneous Soil 

5. 6. 3.1 G-eneral 

Three different types of non-homogeneities have been 
considered as in the analysis of piled circular footing 
(Chapter 2), They are, 1. modulus linearly increasing 
with depth, 2, a two layer soil medium in which there is a 
weaker soil belo?/ and 3. non-homogeneities arising due to the 
effect of installation. The parameters used are same as 
those used in Chapter 2 (Sec. 2,2.2) and have also been 
listed earlier in this Chapter (Sec. 5,4,4), 

5.6 . 3.2 Modulus linearly increasing with depth (Pig. 5. 22) 

Pile group (rigid cap); The values of obtained 

from the present analysis have been plotted in Pigs. 5*21 
and 5.22. It can be observed in these figures that the values 
of R(j substantially reduce, as the degree of heterogeneity 
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increases (i*e* as value of decreases). This effect 
is more for groups consisting of larger number of piles and 
for larger spacing. This effect is found to be slightly 
more for L/d = 25 than l/d = 10, The observed substantial 
reduction in the value of may be due to the large 
reduction in the values of interaction factors observed, 
due to this type of soil non-homogeneity. Similar observ- 
ations have been made by Banerjee (7) and Poulos (109), 
for some other sets of parameters. 

The loads carried by individual piles have been 

2 

tabulated in Table 5.13,. for a 5 group with a spacing 
of 5d. It can be observed that as the degree of non-homo- 
geneity increases, the pile load tends to be distributed 
more uniformly among the piles, for both X/d = 10 and 
X/d = 25 (comparing the values for = 0 °, 10 and 2.5). 

Pile-raft (rigid cap): 

The interaction factors for some cases of pile-raft 
(when the cap is rigid), have been shown in Pig. 5.23. It 
can be obseiwed that the interaction factors are substantially 
reduced by the soil non-homogeneity (comparing the results 
for 'I* = 10 and 2.5 with those of homogeneous soil (^J» = °°)). 

The computed values of Rq. have been plotted in Pigs. 5.24 and 
5.25, for L/d = 10 and X/d = 25 respectively. It can be 
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observed that the values of Rq^ are substantially reduced 
by the soil non-homogeneity. The reduction in the values 
of R(j is maximum for h/d = 25 , <!< = 2.5 and for 6^ group. 

I'his reduction is more than 50 percent, compared to 
homogeneous case. 

The results for free standing pile group have also 
been plotted in Rig. 5.24, It can be observed that for 
homogeneous soil there is small difference between pile-raft 
and free standing pile group (with same spacing), indicating 
the effect of cap resting on ground; but for ’J’ = 2.5, 
(strongly non-homo geneous soil) the effect of such cap action 
becomes negligible and the results of free standing pile 
group analysis coincide with the pile-raft analysis, as 
seen in Rig, 5.24. 

The results of bilinear analysis have also been 
shown in Rigs. 5.24 and 5.25. It can be observed that the 
effect of pile failure is more for non-homo geneous soil 
of this type (for analler groups particularly) than 
homogeneous soil (comparing ^!> = «> and = 2,5 for n = 0.5 

and ^ = °°) . As the group size increases, the bilinear 

analysis curves for different values of ’I' , are found 

to intersect with each other. 

Pile-raft (completely flexible cap): 

The results of analysis of a particular c^ase of pile- 
raft in which raft is flexible, set in a strongly non- 



309 


homogeneous soil (^ = 2.5) axe sho\m In Fig* 5.20(a). The 
results using the interaction factors computed from the 
analysis of single unit with = 100 and =0.1, have 
been compared. It is observed that the values of Rq. are 
significantly different. The difference is about 25 percent. 
It may be recalled, for homogeneous soil a similar comparison 
was made between the values of computed using interaction 
factors from analysis of single units with = 100 and 
= 0.1, and the difference was less than 5 percent 
(Sec, 5*6. 1.2), Hence, for analysis of pilei-raft with flexi- 
ble cap, set in strongly non-homo gene ous soil, use of 
interaction factors obtained from rigid pile-cap unit 
analysis, may significantly underestimate the settlement. 

5. 6 *3. 3 Layered soil: 

A two layered soil medium with a stiffer soil overlying 
softer soil (Sec. 2.2.2, Fig. 5. 26) has been considered as 
in the case of piled circular footing (Chapter 2, Sec. 2,5.3). 
The ratio h/L (where h is the thickness of the top layer) 
was varied and its effect on the settlement behaviour of 
pile group and pile-raft, has been discussed in this section, 
for different cases. 

Pile group (Rigid Cap): 

The computed results for pile group have been 
presented in Figs. 5*26 and 5.27, for different values of 
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h/L, for L/ d = 10 and L/d = 25, respectively. It can be 
observed that the values of are fairly sensitive to the 
values of h/L, It can also be observed that the value of 
Rq. is maximum for a particular value of h/L depending on 
parameters like L/d, s/d and number of piles in the group, 
for a given value of Ss^/Esg, as seen in Rigs. 5.26(b) and 
5 . 27 (a). In general, this maximum occurs near the value of 
h/L = 0,6. However for L/d = 10, it is observed in Rig. 5.27(a), 
that the value of R^j increases continuously with h/L for s/d=5-. 
The values of Rq^ for Eg^/Sgg = 10 (for h/L = 1), have also 
been plotted in Rig, 5.27(b), This shows the sensitivity 
of Rq. for the value of Ss^/Ssb (comparing the results for 
®ST^^SB ~ and Sgfp /^33 ~ 5, for h/L = 1). 

The computed values of the loads carried by individual 
piles, for some cases have been tabulated in Table 5.14. It 
can be observed that the difference between the maximum and 
minimum pile load, is maximum for an intermediate value of 
h/L (at h/L =0.5 for L/d = 25 and at h/L =1 for L/d = 10). 

In such cases, the minimum pile load becomes negative. 

The pile loads for Egij/Sg-g = 3 and 231/^32 = 10, have also 
been tabulated in the same table. It can be observed that 
the magnitudes of such negative loads increases for Egrp/Egg= 

10, compared to Eggi/Eg^ = 5. It may also be noted,for 
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Eggi/Eg 2 = 3, no such negative pile loads occur. These trends 
are reverse of the trends observed in the case of modulus 
increasing with depth (Sec* 5. 6. 3. 2). 

Pile-raft (with rigid cap/raft): 

The computed values of for pile-raft with rigid 
cap/raft, have been plotted in Pig. 5«28. It can be observed 

that the values of are fairly sensitive to the value of 

h/L. It can also be observed that the effect of this type 
of non-homogeneity on Rq., increases as the group size becomes 
larger. Por L/d = 10, the results for Psrp/Eg^ = 5, 5 and 10, 
have also been plotted for h/l =1. This shows the effect of 
stiffness ratio (of soil layers) on the values of Rq., for 
the two layer soil medium. In general, the value of Rq. is 
found to be more around h/l = 1, for larger group. 

In Pig. 5»29, the values of Rq. have been plotted 

against h/l. It can be observed that for l/d = 25, the 

value of Rq. is maximum in the range of h/l = 0.4 and 

h/l = 1, for both d^/d = 5 and d^/d =10. It can also be 

observed that as group size becomes larger, the value of 

h/l at which Rq^ is maximum changes from 0.5 to 1.0. Por 

l/d = 10, the value of Rq^ increases continuously as h/l 

2 

increases for pile-raft consisting of more than 3 piles. 
These trends are in general similar to free standing pile 


group. 
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The effect of failure of piles can be assessed from 
the results of bilinear analysis, which have also been plotted 
in Pig. 5.29. It is observed that this non-linear effect is 
insignificant for l/d = 10 or d^/d = 10, However, for X/d=25 
and dg/d = 5, in which case pile is some what dominant in 
the system, the effect of pile failure is significant. It is 
also observed that the difference between bilinear analysis 
and linear analysis is minimum when the value of Rg. is maximum. 

Comparison of results obtained from free standing 
pile group analysis (with same spacing as pile-raft) and pile 
raft analysis, has also been made in Pig. 5.29. It is seen 
that only when raft is fairly dominant in the pile-raft 
system (d^/d = 10, L/d = 25), the difference between these 
analyses is significant. 

In Pig, 5.30, the values of the ratio of settlement 

of pile-raft (rigid) to the settlement of raft (rigid with 

* * 

= 100 also computed from the present analysis) (Spj^/Sj^) 
have been plotted against h/L, for different parameters. 

This ratio is maximum in the range of h/L = 0.4 to h/L =1, 
as observed in the case of Rg. before (Pig. 5. 29), It can 
be observed that this ratio is greater than 1, for some cases 
(dg/d = 10 and L/d = 25, for h/L = 0,7). This shows that in 
such cases, provision of as many as 16 piles (with L/d = 25) , 
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is futile and may even be count er>-p reductive, as for as 
reduction in settlement is concerned. The results of free 
standing pile group analysis are also shown in the same 
figure. It can be observed that the results from free 
standing pile group analysis shows greater settlement and 
for d^/d = 10 and h/d = 25, this ratio is about 1,06, for 
h/L = 0,7; or in other words provision of 16 piles increases 
the settlement by 6 '/. compared to free raft. This is because 
provision of piles may increase the stresses in the softer 
bottom layer in the two layer soil mediimn considered. Hence 
proper care has to be taken to avoid such situations, while 
designing piled foundations in layered soil with a softer 
layer below. 

Pile-raft (with completely flexible cap/raft); 

The results of analysis of pile-raft with flexible cap/ 
raft, for d^/d = 10 and l/d = 25, have been shorn in Pig. 5. 31. 
It can be observed that the influence of h/li on the values 
of is different from that for the rigid cap condition 

(comparing Pigs, 5.29 and 5,31). It can also be observed 
that the results of analysis using the interaction factors 
obtained from the analysis of pile-cap unit with. Kj^= 0,1 
and = 100, agree with each other as observed in the case 
of homogeneous soil (Sec, 5 *6. 1.2), 
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5.6.3«4 Effect of installation of piles on the hehaviour 
of pile-raft; 

Non-homogeneity arising due to the effect of install- 
ation of piles have been considered in an approximate manner 
by using different modulii for the disturbed zones and details 
of the analysis have been given in Chapter 2 (Sec. 2,2,2). 

Prom the same analysis interaction factors have been also 
obtained and used in the analysis of pile -raft, with rigid 
cap/raft herein. Since interaction factors obtained from the 
analysis of single unit has been used in the present analysis, 
implicit assumption is the soil disturbance away from the 
pile does not affect the interaction significantly, 

Por a loose sandy soil, which may get compacted due to 
the installation of driven pile, the results have been shown 
in Pig* 5,32(a). It can be observed that the effect of 
installation of piles, is to increase the values of Rg. by 
about 15 X » parameters considered. 

The results of analyses pertaining to clayey soils 
are shown in Pig. 5, 32(b). The results for cases designated 
as Iq (K = 500), and correspond to a stiff clayey 
soil, which may get softened due to the installation of 
bored piles. In this case, it can be observed that the 
effect of installation of piles is to reduce the values of 
Rg up to about 25 X depending on the degree of disturbance 
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(comparing the curves for (K = 500), (moderate 
disturbance) and (strong disturbance)). Curves designated 
as Iq(K= 1500), Irv and correspond to a soft clay which may 
become stiffen during the installation of driven piles. In 
this case, there is an increase in the value of to a 
magnitude similar to the previous case. 

5,7 aORGLUSIORS 

1. Interaction factor method of determining the settlement 
of free standing pile-group and pile-raft has been 
extended to solve problems related to any linearly 
elastic soil medium, using axisymmetric finite element 
analysis, it has been shown that this procedure gives 
sufficiently accurate results. 

2. The need for a non-linear settlement analysis has been 
outlined. A ’non-linear’ interaction factor method of 
analysis has been described. The proposed method can 
take into account the variable nature of interaction, 
which has been shown to occur in some cases. As some 
simplifying assumptions have been made, the effectiveness 
of the proposed method has to be tested by model tests 
or field tests, 

3. The method of determining the interaction factors 
from the field load tests or from a finite element 


analysis, have been described. A bi-linear analysis 
which may be used at the preliminary stages of design 
of pile-raft, has been proposed and used for the 
illustration of the method. Some cases of pile 
group and pile-raft set in different types of soils 
have been analysed and results discussed. 

Eor certain cases, the approximate methods suggested 
by Davis and Poulos (56), for the analysis of pile- 
raft, have been found to be satisfactory. These are 
as follows. 

(a) The results of present bilinear analysis and 
results from the approximate method proposed by Davis 
and Poulos (56), almost agree with eaeh other in many 
cases, 

(b) The correction factors for y‘ g, proposed by 
Davis and Poulos (56), also agree with those obtained 
from the present analysis. 

(c) Results of analysis of pile-raft with completely 
flexible oap/raft using the interaction factors 
obtained from the analysis of rigid cap (Kj^ = 100) 
pile unit (as done by Davis and Doulos (56)), agrees well 
with the results of more accurate analysis usihg the 
results of flexible (Kj^ = 0.1) cap>-pile unit analysis, 
in many cases. 
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5. Dlie pile compressibility is found to affect the 
settlement of pile-^raft signif icantly. 

6. The effect of failure of piles on the value of Rg., as 

assessed from the present bi>-lihear analysis is consi- 

« 

derable, if the piles are dominant in the system. The 
effect of failure of piles, is more for ~ ® than 

Vg = 0.5. 

7. The effect of cross anisotropy on the values of Rg^ is 
small, for the values of n upto 2.5, in the case of 
incompressible material. However, for strongly 
anisotropic soil condition (n > 2.5), the effect of 
anisotropy becomes significant, for both pile group 
and pile- raft. The effect of cross anisotropy of 
incompressible material is to distribute the loads 
more uniformly among the piles, in the case of pile 
groups and pile-rafts, 

8. The effect of modulus linearly increasing with depth 
on the behaviour of pile group and pile-raft is quite 
significant. The non-homogeneity of this kind tends 
to distribute the loads more uniformly among the 
pile's, in the case of pile-group with rigid cap. 
Analysis of pile-raft with flexible cap, set in 
strongly non-homogeneous soil of this kind, using 
interaction factor obtained from the analysis of rigid 



318 


pile-cap units may significantly underestimate the 
settlement. 

9. Per two layer soil medium in which a stiffen soil is 
overlying, the settlement of piled foundation may be 
more than the settlement of free raft, (due to higher 
stressing of bottom layer) indicating that provision 
of piles is counter-productive in such cases. Por 
such a soil medium, the values of are maximum for 

a particular value of h/L, in the range of 0.5 and 1.0, 
depending on different parameters, for pile group and 
pile-raft. In this range of h/X, the difference bet^ween 
the maximum pile load and minimum pile load, is maximum, 
in a pile group. The effect of cap resting on the 
grounds i»e* the difference between the values of 
settlements obtained from analysis as pile group and 
pile-raft, is significant only for a system in which 
raft/cap is of considerable dominance. 

10. The effect of installation of piles is found to affect 

the values of Rg^ by about 15 to 25 , 



319 


TiBIE 5.1 liO^ ON PILES/ AVER AGE LOAD 


K = 1500 

s/d = 5 L/d = 10 

5^ pile group 

Pile No.(Eig,5. 2) 

Poulos and I)avis(lll) 
H/L = oo 

Present 

inalysis 

1 

1.77* 

1.77 


2 

1 .14 

1.14 


3 

1.09 

1.09 

H/L=8 

4 

0.52 

0.51 


5 

0.48 

0.48 


6 

0.44 

0.45 



TABLE 5.2 LO AD ON PILES/ AVERAGE LOAD 


K = 1500 

s/d = 2 L/d = 10 

c2 

5 prle group 

1 

2.54 

2.56 

2 

1.19 

1.18 

3 

1.12 

1.15 

4 

0.06 

0.06 “ 

5 

0.09 

0.09 

6 

0.10 

0.13 


TABLE 5.3 LOAD ON PILES/ AVERAGE LOAD 
K = 200 s/d = 5 L/d = 25 5^ pile group 


1 

1*78 

1.75 

2 

1.16 

1.15 

3 

1 .07 

1.07 H/L=3.2 

4 

0.55 

0.56 

5 

0.48 


6 

0,40 

0.42 

* Values 

interpolated from Poulos and Davis 
Tables 5.1 to 5.7 

(111 ) are given in 
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TiSLS 5.4- I/OiD OF PUSS/ AVER AGB EOAE 
K = 200 s/d =2 L/d = 25 5^ pile group 


Pile Fo.(Eig,5.2) 

Poulos and Davis(111) 

E/Tj = aa> 

Present inalysis 
E/Ji = 3.2 

1 

2.10 

2.29 

2 

1.18 

1.18 

3 

1.05 

1.12 

4 

0.44 

0.22 

5 

0.21 

0.21 

6 

0.14 

0.20 


TABLE 

5.5 

LOAD 

OF PILES/ AVER age LOAD 


0 

0 

in 

fl 

s/ d 

= 5 

L/d = 25 

5^ pile group 

1 



2.02 

2,05 

2 



1.19 

1.19 

3 



1.09 

1.09 

4 



0.38 

0.37 

5 



0.31 

0.31 

6 



0.25 

0.24 

TABLE 

5.6 

L0,..4I> 

OF pile/ AVERAGE LOAD 


K = 1500 

s/d = J 

? L/d = 25 

2 

5 pile group 

1 



2.55 

2.65 « 

2 



1.12 

1.14 

3 



1.20 

1.12 

4 



0.20- -0.2 

0.02 

5 



0.12 - 0.09 

0.04 

6 



0.04 - 0.25 

0.07 
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TJBLS 5.7 GROUP RSDUOTIOU P^GTOR RiCIO 
(R^( Vg = 0 )Vr^( V 3^0.5)) 

d^/d =5 L/d = 25 K = 1 500 


No. of units 

Poulo s and Bavi s (111) 

Present inalysis 

5^ 

1.22 

1 . 26 

4^ 

1.21 

1.25 


1.18 

1.22 


1.15 

1.20 

1 

1.11 

1.05 


TiBLE 5.8 LO.ffl ON PILE/UBG OP PIBE 

d^/d = 5 B/d =25 K = 1500 Vg = 0.47 
2 

6 pile group-l inear ly elastic analysis 

Pile No. 

1 

2 

3 

4 

5 

6 
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5.9 PILS lOiDS - 3^ PILE GROUP 
(Gross anisotropic soil) 

s/d = 5 L/d = 10 Vg^^O.5 111=0,38 Vgjj=1-n/2 

Total load = 100 units 


K 

Pile Uo. 
(Pig,5.2) 

n = 1 

n=1.5 

n = 2.5 

n=3.5 

n=3.98 

1500 

1 

14.07 

14.01 

13.56 

12.83 

11.59 


2 

9.69 

9.72 

9.95 

10.30 

10.90 


3 

4.94 

5.05 

5.97 

7.45 

10.06 

200 

1 

13.59 

13.50 

13.20 

12.43 

11.47 


2 

9.93 

9.98 

10.13 

10.50 

10.96 


3 

5.90 

6.09 

,6.71 

8.28 

10.30 

TiBLE 5.10, PILE 

L0.E)S - 

5^ PILE GROUP (Gross 

anisotropic soil) 

s/d = 

5 L/d = 10 

Total load = 

^ SY 0*5, 

= 100 units 

111=0, 

38 V 

= 1^ E 

SH ' 2 

1500 

1 

7.09 

7.04 

6.58 

5.80 

4.37 


2 

4.56 

4.56 

4.50 

4.39 

4.09 


3 

4.35 

4.35 

4.30 

4.22 

4.07 



2.05 

2.08 

2.38 

2.86 

3.74 


5 

1.94 

1.96 

2.24 

2.71 

3.72 


6 

1.82 

1.84 

2.08 

2.54 

3,69 

200 

1 

6.68 

6.60 

6.28 

5.44 

4.29 


2 

4.53 

4.52 

4.47 

4.34 

4.07 


3 

4.30 

4.29 

4.26 

4.17 

4.05 


4 

2.32 

2.38’ 

2.58 

3.10 

3.80 


5 

2.15 

2.20 

2.39 

2.93 

3.78 


6 

1.98 

2.02 

2,20 

2.75 

3.74 


323 


T iBlS 5*11 PILE X04DS - PILE-RiFI! L/d = 10 (Gross anisotropic 

soil) 

2 „ 

5 group, d^/d = 5, y>QY^0,5, m = 0.38, Vgj^= 1- K=1500 


Pile Ro. 
(Pig. 5. 2) 

n = 1 

n = 1 . 

5 

n = 2.5 

n = 3.5 

n = 3.98 

1 

4.40 

4.31 


3.61 

2.41 

0,78 

2 

2.13 

2.10 


1.82 

1.34 

0.54 

3 

2.38 

2.34 


2.07 

1.49 

0.58 

4 

0,46 

0.47 


0.49 

0.48 

0.34 

5 

0.68 

0.68 


0.73 

0.64 

0.39 

6 

0.89 

0.88 


0.80 

0.65 

0.40 

lax. pile load 

Jin. pile load 

9.57 

9.17 


7.37 

5.02 

2.29 

Total applied load 

= 'ioo 

units 

in Tables 

5.11 and 

5.12. 


Tms 5.12 PILE 

■ group, d^/d = 5, 

-LOADS - PILE-R..JPT L/d = 
(Gross anisotropic 

K = 1500, Vgy — 0.5, 

25 

soil) 

m = 0.38 


’ile TTo. 

Pig. 5. 2) 

n=1 

n=1.5 

n = 2.5 

n = 3.5 

n = 3.98 

1 

7.02 

6.88 

5.98 

4.27 

1 .28 

2 

3.09 

3.04 

2.71 

2.17 

0.87 

3 

3.43 

3.37 

3.14 

2.49 

0.95 

4 

0.28 

0.31 

0.38 

0.57 

0.55 

5 

0.60 

0.62 

0.80 

0.90 - 

0.63 

6 

0 .88 

0.89 

0.95 

0.94 

0.65 

x.pile load 

25 

22 

15.7 

7.5 

2.30 

n.pile load 
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TiBIiB 

5.13 PIIB NO IDS - PILE 

GROUP 

(Non-homo geneous 

soil) 


2 

s/d =5 5 group 

K = 

1500 Vg : 

= 0.3 L/d=iO and 25 

Pile No. 

(Pig. 5.2) 

= oo 

(Homo.) 


'I' = 10 

'f' = 2.5 

1 

7.51^ 


6.49 

5.90 


8.70^ 


7'. 22 

6.17 

2 

4.58 


4.45 

4.38 


4.78 


4.61 

4.46 

3 

4.41 


4.34 

4.26 


4.42 


4.33 

4.24 

4 

1.77 


2.38 

2*76 


1.14 


2.01 

2.65 

5 

1.73 


2.33 

2*67 


0.98 


1.82 

2.45 

6 

1.67 


2,27 

2*58 


0.82 


1.62 

2.24 

1 

11 

.-Jk 

o 



h - l/d = 25 


Total applied load = 

100 

units. 




325 


TJIBLE 5.14 PILE LOiLS - PILE &ROUP (LAYERED SOIL) 


5^ 

s/d 

group, Total 

= 5 

load = 100 

units, K 

= 400 , 

L/d = 

25 and 10 

Pile No. 
(Pig. 5. 2) 


E2Qi/Sg3=5 

b/L = 0.4^ 
h/L = 0.5^ 

f h./ L == 1 

I^st/^sb 

I = 5 
! 

!h/D=1.5 

iEg^/lgB 

; = 5 

f 

!b./L=1 ; h/L=1 

jSggj/EgB 

! = 3 1 = 10 

f f 

1 

9.80^ 

11.28 

9.27 

8.32 




7.80^ 

9.92 

10,56 

9.73 

9.30 

12.63 

2 

4.59 

5.10 

4.91 

4.77 

- 

- 


4.56 

4.68 

4.99 

4.94 

4.85 

5.21 

3 

4.72 

4.44 

4.35 

4.35 


»— 


4.47 

4.67 

4.47 

4.39 

4.45 

4.46 

4 

0,27 

-0.20 

0.93 

1.42 

- 

- 


1.57 

0.21 

0.12 

0.65 

0.80 

-0.97 

5 

0.75 

-0.47 

0.58 

1.15 

*<— 

- 


1.63 

0.59 

-0.07 

0.34 

0.64 

*"1 • 19 

6 

1.15 

- 0.72 

0.22 

0.88 




1.57 

0.95 

- 0.24 

,0.03 

0.49 

-1.38 


a - L/d =25 b - L/d = 10 (Negative sign indicates tensile 

load) 

X - for L/d =25 y - for L/d = 10. 
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r / d 

^ig.5•1{a) & (b) Factor Vs r/d 

(c) Interaction Factor definition 




a Present analysis L/d»25,H/U8,Kr 1500 
o Poulos and Davis (111). K=1000 


Poulos and Davis (111 ) K=oo 

A Present analysis K = 1500 

H/U3-2 for L/d*25 
H/L=8 for L/d=10 


Pile group 



s/d~2,L/ d-25 


_ s/d^2,L/d=^10 
' 'f ' s/d=5,L/d=25 


piles dia.d 
and length L 

b c? 


3 group 


s/d*5,L/d=10 


^ Value computed 
using oc 

from Poulos and Davis 

(lit) 


f f 3^ C i 

No. of piles 

Pig.5‘2 Rs Vs Number of Piles 


5 group 


b 

"o 


o 

o 

o 

6 

h 

o 

o 

o 

o 

6 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 




W 


dc/d 

= 4 

L/d 

= 8 

Kr 

= 100 

H/L 

2 

<p 

= 0 



P'9.5'3 Elasto - plostic (VonMtses) Analysis of pUed circular 
footing 



Interaction settlement curve of 
k^^unit v/ith loading on unit 
{interaction factors) 



Fig. 5' 4 


Load- Settlement curve of j^^^unit and unit with 
looding on unit 




0-8 


0-6 


R 




0-4 


0-2 



dc /d= 5 
L/d -10 
H/L -8 
Vs =0-47 


K=1500/ . 

K=500' K=20(/''^^ 


o 


3? 


5 ^ 


No of units 


-Poulos and Davis(lll) 
(K - 00 ^ H/L = oo) 

‘ Present analysis 
(Elastic) 


Present analysis 
('H =0*5) 

Present analysis 
(£ last!c,H/L-8) 



Fig.5-5 Rg Vs No, of units (Pile rigid-ratt) 
Homogeneous soil 





H*” S —M h> — S ■"•4 


4x4 Pile-raft 


4x4 Free standing pile group 


Fig. 5*6 Typicol Pile group and Pile-raft 










dc /d = 5 
L/d =25 
Pile- raft 
Homogeneous soil 


..\' 

'• V 
. ' 

\ ' \\ 

V\ ' ^ 

\\\ 


' Elastic analysis 
o TisOB-BUinear analysis 
• "^=1 - Bilinear analysis 

« Based on Poulos and Davis 
approximation (^-O-B) 


K = 1500,y5=0 


= 1500 ,^ 3 = 0-47 


K=200,>i='0*47 


2 ^ 3 ^ (? 5 ^ 6 ^ 

No. of units 

Fig.5-7 Rq Vs No of unils (Rigid roft-pile) 





Centre piles Edge piles 



No. of units No. of units 


Fig. 5’8(a) R© vs No. of units ( Flexible Pile-roft 

- Homogeneous soil ) 








Pig.5*9 Hq Vs No. of units {Rigid piU-raft l 
For homogeneous soil 




K::^1500 

L/D“2S 




O — —dn 


1*5 and 1*0 

2*5 

3-5 

3-98 




L/D=;10 


%v 0-5 








J I 1 i I 1 i 

S ’2 18 




ntcraction Factors Vs r/d ( Pile qrouDl Anisotropic sc 



















KrISOO 
y' -0 

^sv , 

n c 1- Isotropic 


s/d=^2,L/d-25 

s/cl=2,L/d=10 

nr 3 s/drs, l /d = 25 

n=1, s/d=5,L/d=10 


No of units 


Fig. 514 Rq Vs No. of units (Pile group) for 
Anisotropic soil 









No* of units 


Fig.5*16RG Vs No* of units (Rigid pile-roft) 
Anisotropic soil 




\ 

\ ' 

~\ \ 

\ \^ 


dc/d 

= 5 

L/d 

= 25 

-^sv -05 

— 

’1 = 0-5 


* 00 


n = 3'5,K = 1500 






n=1and 1*5, K= 1500 
n=2-5,Ks1500 


n:^3*98,K=1500 


n»land 1-5,K«200 
n=2‘5,K*200 


2 2 2 2 
3 • 4 5 6 


No of units 


Fig. 5*17 Rg Vs No. of units (Rigid pile-raft) 
Anisotropic soil 



dc/d =10 
L/d =25 

fsv = 0-47 


n=1 and 1-5, 
K=1500 


n=1andl-5,K= 200 


n=2-5,K=150 


n=2-5,K=200 


1 ^ 2 ^ 3 ^ 

No. of points 


Fig. 5*18 Rg Vs No. of units (Rigid pil€-roft ) for 
Anisotropic soil 
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0 ' 6 “ 

Rg 0-3- 

0^ 

0’9- 

0 6- 
Rg 

0 3- 

1 

Fig. 5. 20 


using KpjsOI 
using Kr = 100 



i. L— J ~J I 


L/d = 25 
dc /d = 5 
K =1500 

Vsv^O'S 


(b) 


n =1 


n=2 5 

using Kf,= 0-1 



Same using Kj^sOO 
and Kj, =100 


Central units 
■fusing Kr =100 
Edge units 


3 " 4 5 

No of units 


6^ 


Rg Vs No of units (Flexible Pile-raft) 

(a) Non-homegenc soil (b) Gross-Amsotropic soil 




L/d=25 



Ftg.5-21 Rg Vs No of units (Pile group) 
Non-homogeneous soil 




No. of units 


Fig. 5*22 Rq Vs No. of units (Pile group) 
Non>*homogeneous soil 




Fig.5'23 Interaction Factor Vs r/d Cpile-rotl) 





Soi t as in f ig. 5-2 2 
dc/d=5 
L/d = 10 
K x1500 
V'e =0*3 


^= 0-5 

^ t| = 00 

^ Free standing pile group 


No. of units 


Fig. 5*24 Rq Vs No. of units (Rigid pite-roft ) 
-Non-homogeneous soil 




No of units 


Fig.5*25 Rg Vs No. of units {Rigid pile-raft) 
Non-homogeneous soil 
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MjjpM 


1 


“XTT 


" V 

ST » S 


Hs80d 


Esb 


/''s 


- v r r \ \ \ ' ^ va-tt 

Two layers soil 
medium 



L/d :i10 
Kt -400 
Vs =0*3 

•esT/EsB = 10 

others 6 st/Es 8= 5 
h/L=1*5 

hfLsI 

o— ~.®— ~H5h/L=0-5 

X X --«xh/L-0 *1 

<^h/U1 

(h -Thickness of top 
layer ) 


Fig.5‘27(b) Rg Vs No. of unitsiPile groc 

- Layered soil 




EsT/es8=5 

£st/EsB=3 


dc/dr5 

L/d 

Vs =0*3 
Kf r400 



h/L=1 


o / h/L = 1*5 


h/L= O’S 
h/L = 0*1 


/d=5 
L/d =25 
Vs 

Est/Esb=5 


r =400 


h/L=1*5^ 


Layered soil 


.h/L=0*4 

h/L-\ 


h/L = 0*1 


No. of units 


Fig 528 Rg Vs No of units (Rigid pile raft) 
Layered soU 





-10 
L/d =2S 

Vs =0*3 
Kf s400 






,2 


v-SmOLE PILE 


H* 80 d 


EST,n 


Esb/s 


r\=0'5 

PrU-raft 

t^jS 00 

« 

Free standing 
pile group 


L/d =25 


Kt a 400 


EaB=5 


L/d = 10 
•3 

Kt =400 


I t I 


Pig. 5-29 Ro Vs h/L (Rigid PiU-raft) Layered soil 










Free star^difig Rite group H^SOd 
Pile raft j 

Two layered 
Soil medium 



h/L 

5*30 Spf^ /^ Vs h/L {Rigid pile-raft) 
Two loyerld soil medium 
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0 0*4 0*8 1*2 1*6 


h/L 

Fig.5*31 Rq Vs h/L {Pile-raft with flexible cap) 
Layered soil 




m 


Sirriutalion of effect 
of instaUotion 


Pile 


radius(rp} 


Disturbed 


zone (imear 


vorjotion of 




Sand 

Cli» m 


K *1500 
Vs -0*3 
L/d*10 



Iq ~ Homogeneous soil 


- Non-homogeneous soil 


Clay 
dcW=5 
L/d=10 
Vs =0-47 


I^-Ef/Es” 0*5 
l2-Er/Es=2 

14- ErAEs=0-25 

15- Er^Es= A 


to~Homogeneous soil 
to Ig-Non-homogeneous so 


I 0 ,K *500 


l5,*<=1500 
l2, K«1500 


K=500 


l0,K=-1500 


No. of units 


R0 Vs No. of units (Rigid piU-raftJ 
(a) Loose sand (bj Clay 
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I MIBRACTIOR OF SUPBRSTRUQTURB OIROIIDiR 

RMH mn PILE RjgT 

6.1 IRTRODUCTIOR 

Importance of the study of the mutual interaction of 
superstructure, foundation and soil has been, recognised as 
early as 1947 (Meyerhof (90))« Rrom then onwards several 
attempts have been made to improve the analytical techni- 
que for the analysis of such systems (e.g. Ohamecki (26)). 
The availability of high speed computers and powerful 
finite element technique, have made a complete analysis of 
such systems possible. Most of the finite element analyses 
reported are pertaining to the interaction of plane frame 
with foundation- soil system (vis. lee and Harison (86), 

Lee and Brown (85), Wiberg (142), King and Ghandrasekaran 
(77) etc.) and interaction of space frame with foundation 
soil system (vis. Majid and Gunnel (87), King and 
Ghandrasekaran (77), Lee (84), Buragohain et al (19), 
Wardle and Fraser (140) etc.). A number of references of 
the above analyses have been given by Hooper (75). 
Relatively few analyses have been reported on the influence 
of core-wall structures on the behaviour of foundation-soil 
system. Hooper (75) has analysed a core wall structure 
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assuming zero rotations at appropriate nodes of the raft 
mesh, without including the core wall structure in the 
analysis, iny rigorous analysis of walled structure- 
foundation*- soil system would require discretisation of walls, 
which is likely to he computatiohally expensive, for building 
structures of even moderate size. However, for certain 
type of structures such as the one shown in Pig. 6.1, which 
may he used as storage structure, the analysis may not he 
expensive, in approximate way to include the effect of 
superstructure is to increase the thickness of the raft 
appropriately (Hooper (72)), Sven though this approach may 
give satisfactory estimate of differential displacement, 
it may not give realistic value of bending moments 
(Hooper (75)). 

Most of the analyses reported are pertaining to a 
particular case and are useful in indicating some of the 
parametric effects, inalysis by Brown (16), however, att- 
empts to generate design charts for certain configuration 
of plane framed structures. In the present work attempt 
is made to present non-dimensional chart to design the 
foundation of the type of axiS 3 mimetrical structure analysed, 
for certain range of parameters, in addition to making 
extensive parametric studies. 
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■^alysis of a particular case of a water tank 
(a structure similar to one analysed herein), has been 
reported by Smith (128). He has used annular plate bending 
finite elements, to model the circular raft. In the same 
analysis, it is possible to include the superstructure, but 
the connection between the super stinicture and raft will have 
to be assumed as either hinged or fixed, ilso, it would 
be Very difficult to satisfy complete compatibility between 
raft and soil, by this formulation. Recently, Booker and 
Small ( 13 )*, have developed another analytical technique, 
which in effect is similar to finite element method used 
by Smith (128). Rowe et al (122)*, have extended this 
method to handle soil non-homogeneity. The influence of 
superstructure on the behaviour of pile-raft foundation 
system, does not appear to have been studied. 

For such type of structures, in which there is no 
interaction of loads, hinged connection eliminates the 
major effect of the interaction of superstructure, with 
foundation- soil system; in this case foundation- soil system 
can be analysed independently. If the connection between 
superstructure and raft is assumed to be fixed, it is 
possible to design the foundation accordingly, taking into 
account the effect of super stiructure. In some cases it 
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may "be difficult to acliie’ve full fixity in the actual 
construction. Alternately, if the superstructure and raft 
are modelled hy continuum elements, as done in the present 
analysis, the actual elastic connection that may occur in 
the case of monolithic construction can he modelled 
(Singh et al (125)), and also complete compatibility can 
he satisfied. 

Rigorous analysis of pile»-raft systems require three 
dimensional analysis. However, the problem can he idealised 
as axi symmetrical (Hooper (72) and Enahe (80)) or plane 
strain (Resai et al (44)), if the piles are closely ^aced 
in an annulus or lying in a plane in the longitudinal 
direction, respectively. In the present work, a solid • 
annulus of certain stiffness has been used to represent an 
axi symmetrical arrangement of closely spaced piles or a 
solid skirt. 

In this Chapter, the effect of a superstructure 
(Pig. 6.1) in completely adhesive connection with a circular 
raft-soil system and a circular raft-pile-soil system has 
been investigated. The effect of providing an annular 
arrangement of piles or skirt on the behaviour of circular 
raft is discussed. Retailed parametric study has been 
carried out to asses the influence of different parameters. 
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The analysis with and without superstructure have "been 
compared and the results of the analysis for different 
loadings that may he relevant to this type of structures, 
are presented in the form of non-dimensional charts, which 
may he used in the design of foundation of such structures 
with certain geometry and material parameters. The effect 
of soil modulus increasing linearly with depth is discussed. 
The effect of variation of soil stiffness and superstructure 
stiffness is also indicated. The effect of adhesive 
contact has been discussed for certain cases. The conclu- 
sions drawn from this analysis are listed at the end. 

6.2 FlhITS BLEMENT m&YSlS 

The raft, superstructure, soil and also equivalent 
annulus of piles (Sec. 6.6) have been modelled by axi- 
symmetric parabolic isoparametric elements, as in the case 
of the analysis of piled circular footing, reported in 
Chapters 2, 3 and 4. The analysis was carried out assuming 
all the materials to be linearly elastic and isotropic. This 
simplification reduces the number of parameters and makes 
it possible to present the solutions for general use, 'The 
soil is assumed to be homogeneous in most of the cases 
and a particular case of soil non-homogeneity has al 
been considered. Though, for homogeneous soil condi 
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it would "be more economical to represent the continuum by 
Mindlin's equation than finite element representation, the 
later was used as the former requires additional programming 
effort, ilso, since a 'condensation procedure' explained 
in ippendix A, has been used, a number of cases, as many 
as 20, could be analysed in one run. If any specific 
field problem is to be studied, the non-linearity of soil 
and/or foundation material can be accounted for with the 
same program with some modifications. Interface condition can 
also be simulated using interface elements, as done in 
Chapters 3 and 4. 

The connections between superstructure and raft, raft 
base and soil and also between pile head and raft have been 
assumed to be fully adhesive, for presentation of results. 
Solutions for circular raft presented for Vg = 0,47, also 
apply to smooth contact between raft base and soil 
(!looper (73)) approximately. Assumption of adhesive contact 
between raft and pile head and between superstructure and 
raft models the elastic connections between them as 
mentioned earlier. 

The computation of bending moments, in-plane stresses, 
shear force and load taken by piles was carried out as 
explained in Chapter 2, (Sec* 2,3 ) and Appendix A, An 
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equilibrium check was carried out by integrating the 
vertical stresses below the raft as mentioned in Chapter 2 
(Sec. 2.3 ). The difference observed in such check, was 
less than 0.5 X and it was less than 0.1 X in most of the 

O 3i S0 S • 

The mesh used is shown in Pig. 6.1. The mesh was 
refined at the connection between superstructure and raft 
by increasing the number of elements in that region by three 
times and it was found that the displacements were affected 
by less than 0,2 / and the bending moments by less than 2 X , 
except immediately below the superstructure. Similar 
observations were made, while refining the mesh above the 
pile head in the analysis of piled circular footing, which 
has been reported in appendix B. The adequacy of one layer 
of elements for representing the circular raft for the 
geometrical parameters used in this analysis was confirmed 
from the analysis of a circular plate supported at the edge, 
subjected to different loading, reported in ippendix B. Since 
the maximum bending moment does not occur immediately below 
the superstructure, for the cases considered, and also 
since critical section for bending moment is adjacent to 
superstructure, the results of bending moments are reported 
from centre to a section near the superstructure-raft 
inter-connection (Section A in Pig. 6.1). 
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6 . 3 PiRiMSEERS MT) LOiEIHCJ- OONSIRSRED 
6.3*1 Parameters Gonsidered 

G-eometry of the structure considered is shown in 
Pig. 6.1 The outer radius of the superstructure is denoted 
as 'a*. The thickness of cylindrical and hemispherical 
portions of the superstructure has been assumed to he 0.1a. 

The clear projection of the circuit raft beyond the super- 
structure is 0.1a. The raft is assumed to be resting on 
the surface of a thick layer of soil whose thickness is 
assumed to be 6.5a. The right hand side boundary was kept 
free, at a distance of 6.8a from the centre. The thickness 
of equivalent annulus (of piles)was assumed to be 0,1a, 
and it was assumed to lie vertically below the superstructure. 


The following parameters were considerd: 

Relative rigidity (Kj^) = ~ (1- a')^ (6.1) 

Son 


Where = 


% = 
^SO = 



I 

a = 


relative rigidity of the raft 
Young's modulus of raft material 
Young's modulus of soil at ground level 
Poisson's ratio of soil 

thickness of the raft 

Outer radius of the raft 

(a' = 1.1a, in the present case). 


* 
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~ 0*1, 0.5, 2 and 10 
Bj^/Sgo ~ 1500 in most of the cases 

Bj^/Sgo ~ 300 in some cases 

Egg/Sp^ = 1 in most of the cases 

where Egg = Young’s modulus of superstructure 
material. 

Egg/Ep_ = 1/5 in some cases 


where Spgg^ = the equivalent modulus of 
solid annulus, representing piles. (Vide eq. 6.2) 


Fon-homogeneity factor (p) = E2g_/ Sg^ 


where 


!g^ = Young’s modulus at Z = a 


EgQ = Young’s modulus at Z = 0 
Z = depth below gvound level 

P = 1 (Homogeneous) and 3 ( Non-homo geneous) were considered, 
'^g = 0.47 and 0 

Ii/a = 0, 1, 2 and 3 where L = length of piles. 


6.3.2 loading 

Three types of loading have been considered as follows: 

1. A vertical u.d.l over a radius equal to a, acting 
on the raft surface, denoted as q^ (Eig* 6.1). 

2, A vertical u.d.l. over an annulus of inner radius 0.9a 
and outer radius ’a*, acting on the surface of the 
raft, denoted as q^2 (Eig. 6.1). 
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5. A lateral pressure in the radial direction acting 
on the cylindrical portion of the superstructure; 
this lateral pressure is assumed to he linearly 
varying as shown in Fig. 6.12, This pressure is 
denoted as 

Loading represents the loading due to the weight 
of the material stored or the dead and live load that may 
act, if the structure is used as some utility structure. 

Loading q 2 > represents the loading due to self weight 
of the superstructure and any other load that may he trans- 
mitted to the foundation through superstructure. It is 
assumed that horizontal force and moment are not transmitted 
to the base of the superstructure, for this loading. To 
asses the implication of this assumption, a separate analysis 
was done imposing gravity load to the superstructure elements 
and it was compared with analysis with loading q 2 > the 
magnitude of q 2 being equal to the pressure due to the 
weight of the structure. It was found that analysis with 
loading q 2 overestimated displacements, moments (of raft) 
etc, by less than 5 X > compared to analysis with gravity 
load. From the same analysis, it was also observed that 
the gravity stresses were underestimated by about 2 '/ , 
probably due to discretisation error. Hence, the actual 
difference would be less than 3 7 - • However, if one is 
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interested in tlie stresses and displacements in the super- 
structure, the analysis has to be done for gravity loading 
and other loadings, if any. For the purpose of comparison 
of analysis with and without superstructure, it is convenient 
to consider the loading (^ 2 ) as assumed, loading represents 
the lateral pressure exerted by the material stored (usually 
liquids or granular material) inside. In most of the 
practical cases, it is reasonable to assume a linear variat- 
ion as shown in Pig. 6.12. 

The solutions obtained for loading q^ and q 2 » are 
also valid for wide variation in the height of the cylindrical 
portion and/or variation in the shape of the roof portion. 

This point is discussed further subsequently. However, the 
solutions for loading q^, is valid only for the particular 
geometry of the superstructure considered, as the behaviour 
depends on the height of the cylindrical portion, the type 
of connection between the roof portion and cylindrical 
portion and also the shape of the roof. 

6.4 HISOUSSION OP RESULTS 
6.4.1 General 

The results of the analysis are plotted in Pigs. 6.1 
to 6.15 and some results are tabulated in Tables 6.1 to 6.6. 

In figures, ’Hon-homogeneous' denotes the non-homo geneous 
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soil considered (Sec. 6.3.1) and results shown without any 
specific remark are for homogeneous soil with %/SgQ = 1500 
and = 1. Notations used in figures and tables: 

S* = maximum settlement 

S = settlement at any radial distance r from centre line, 
at the ground level 

^ = differential settlement 

PPL = percent load shared by piles 

M* = maximum bending moment/unit length 

% = radial bending moment/unit length at r 

Mip = tangential bending moment/unit length at r. 

Q = shear force at specified location/unit (arc) length, 
r = radial distance from centre line 

Ig = settlement influence factors 

I, = differential settlement influence factors 

A 

Sq = denotes analysis without including superstructure 
(without superstructure elements in Pig. 6.1) 

= denotes analysis considering superstructure (Pig. 6.1) 

^MR “ radial bending moment influence factors 

~ tangential bending moment influence factors 

f^ = maximum radial in-plane stress 

f^ = maximum tangential in-plane stress. 

(Other notations have been explained in Sec. 6.3.1). 
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6. 4*2 Settlement 

For loadings and q 2 » the effect of superstructure 
on maximum settlement is, in general, small as seen in 
Figs. 6.2 and 6.3, particularly when the raft is rigid 
(Kr = 10), for which case the effect of superstructure on 
settlement is insignificant for all the cases considered 
(comparing results for Sq and S-|, which represent analyses 
without and with including the superstructure) . i.s the 
value of Kr reduces, the effect of superstructure becomes 
significant; the maximum effect when Kr = 0.1 and = 0.47 

for loading q^ on unpiled raft, is about 15 X . For = 0, 
the effect is less than that for = 0.47. This may be 

due to the adhesive contact assumed in this analysis. For 
pile-raft considered, the effect of superstructure is 
significantly less, compared to circular raft (Fig. 6.2 and 
6.3). For loading q 2 , the superstructure does not have any 
effect on the maximum settlement of pile-raft, for all 
values of l/a used. For l/a = 0 also, the effect of 
superstructure is less for this loading than q>| • For the 
particular case of non-homo geneous soil condition considered 
the effect of superstructure on maximum settlement shows 
similar trends to that in the case of homogeneous soil, 
even though the magnitude of settlement reduces by one 
third of homogeneous case. 
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The settlement due to loading was found to he in- 
significant compared to those due to loading q^ and 
However, the differential settlement was found to he some 
what significant, for loading q^ also. The complete results 
considering the superstructure, for homogeneous soil condition 
and Vg = 0.47, have been tabulated in Tables 6.1 and 6.2, 
for loadings q^ , qg and q^ and for different values of l/a 
and Complete settlement profile, for any combination 

of tlese loadings can be obtained, by superposing these 
solutions and hence the differential settlement can also be 
computed. 

It can be observed in Fig. 6.2 that the maximum 
settlement reduces by more than 50 X > when piles of length 
3a are provided near the edge. This percentage reduction is 
more for Vg = o than Vg = 0.47. This may be because 
greater load is shared by piles when '’s “ also 

settlement of pile is less for this value of ''g, compared 
to '^g = 0.47. The reduction in settlement due to provision 
of piles is more for larger value of for loading q^ . 

For loading ^ 2 ’ maximum settlement is insensitive to 

the value of in the case of pile-raft, for all values 
of l/a considered. Increasing pile length, causes less than 
proportionate (comparing the results for l/a = 0,1,2 and 3, 
in Figs. 6.2 and 6.3) reduction in maximum settlement. 
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IIj appears 'that L/ a — 2, may be cost effective. 

^•‘^*5' I>i:gferentlal Settlement 

6. 4. 3.1 Circular raft>“without considering superstructure 
■When the superstructure is not considered, the effect 

of adhesive contact on differential settlement of circular 
raft can be assessed by comparing Ia (= ^ Eg v^) qa.) 

for " 0*47 and (^canbe obtained from 

Pigs. 6.4 and 6.5)* lA is independent of Vg for smooth 
contact for vertical loading. If Vg = 0.5, the adhesive 
contact effect is negligible (Hooper (73)). Hence, such 
comparison of , for vg = 0.47 and Vg = 0, indicates 
the effect of adhesive contact, Por loading q.-|, the effect 
of adhesive contact, assessed as mentioned above, is to 
reduce the differential settlement by about 40 7 > ^or all 
values of Kj^. Por loading q 2 , adhesive contact, increases the 
differential settlement, by about 40 , for = 2 and by about 

17 X for = 0.5. It is to be noted that the effect of 
adhesive contact is reverse and also decreases as Kj^ 
decreases, for this loading, compared to loading . 

6.4. 3.2 Effect of superstructure on differential settlement 
of circular raft. 

There is substantial reduction (more than 60 X ) in 
differential settlement in the case of circular raft, when 
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the superstructure is considered as seen in Fig&.6.4- and 6.5 
(comparing Sq and S^), for both loading q-| and ^2 
both values of Vg« It is of interest to note that the 
adhesive contact (for Vg = 0) reduces the differential 
settlement by about 40 ’/ as discussed earlier and' the super- 
structure effect further reduces A by about 60 "/. for 

= 0, for loading (Mg. 6.4). For loading ^ 2 ’ super- 
structure stiffness reduces the value of ^ by about 50 / , 

As the value o f reduces the effect of superstructure in 
reducing the differential settlement reduces slightly, 

6. 4. 3. 3 Pile-raft 

In the case of pile-raft, the effect of super- structure 
on A is less compared to that in the case of circular raft. 
Provision of piles, increases the differential settlement 
slightly in the case of loading q^, when the superstructure is 
considered, whereas the differential settlement is substantially 
reduced, in the case of loading q 2 » whether superstructure is 
considered or not. This reduction is substantially more for 
Vg = 0, compared to Vg = 0.47 (comparing the results for 

L/a = 0, 1, 2 and 3 in Figs, 6.4 and 6.5). 

6. 4. 3. 4 Effect of variation in soil/ super structure stiffness; 

In the case of non-homo gene ous soil considered also, 

there is substantial reduction in differential settlement. 
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For edge loading (^ 2 )* i't can be seen (Fig. 6.6) that 
the load is almost directly transmitted through piles. So 
a ring beam connecting the piles, instead of full circular 
raft-pile system may be highly economical, for this loading. 
Solutions of some of these cases for incompressible piles and 
rigid ring foundation has been given by Karmarkar (76). 

The effect of soil non-homogeneity is to increase the 
values of PPl to the extent of about 5 X , for loading c [2 
(Pig. 6.6). In the case of loading , nonhomogeneity of 
soil slightly reduces the value of PPL for smaller values 
of and increases the value of PPL for rigid-raft (Kp=10). 
The presence of superstructure increases the value of PPL 
as reduces for loading q^, for both homogeneous and 
non-homogeneous soil conditions, the effect being slightly 
more for non-homogeneous soil (Pig. 6.6). 

6.4.5 Bending Moment 
6, 4 . 5.1 G-eneral 

The maximum bending moments vs Kg^, have been 
plotted in Pigs. 6.7 to 6.10, for loading q^ and q 2 > for 
different parameters. In the case of loading q^ maximum 
positive moment always occurs near centre and maximum 
negative moment if any, occurs near the superstructure. In 
the case of loading q 2 » maximum negative moment occurs 
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neax the centre and marimum positive moment, if any, occurs 
near the superstructure. 

6.4»5»2 Circular raft-without considering superstructure: 

In the analysis of circular raft without superstructure, 
for any vertical loading, the values of Pending moments are 
independent of the value of Vg, for a given Kj^, in the 
case of smooth contact between raft and soil. However, for 
rough contact, shear stresses develop at the interface for 
values of Ug less than 0.5 and this reduces the positive 
bending moments and increases negative bending moments. This 
effect is maximum, when Vg = 0. The effect of adhesive 
contact for u.d.l. and parabolic loading has been discussed 
by Hooper (73) and the effect for central column loading has 
been discussed in ippendix A. The effect of adhesive 
contact on circular raft, subjected to loading near the 
edge ( q 2 ) some importance, as this loading may occur 

when the storage structure is empty. The magnitude of this 
effect can be seen from Pigs, 6.9 and 6.10, by comparing 
the Values of maximum bending moments for '^g = 0,47 and 
Vg = 0, for l/a - 0 and 'Sq' . (The value of bending moment 
for correspond to anooth contact value), lor 

Kr = 10, the magnitude of maximum negative moment is about 
50 X more for ^ ''S “ 0-47. Hence, smooth 
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oontact assumption would lead to an error of about 50 X » 
on the unsafe side, if the contact happens to be perfectly 
adhesive for Vg = 0, However, interfacial slip may 
reduce this difference to some extent. It can also be seen 
that there is large reduction in positive moment due to 
adhesive contact, for this loading (q. 2 ), v;hich occurs near 
the load (^ 2 ) (comparing the values of bending moments for 
~ *^*^7 and = 0 , in Figs. 6.9 and 6 . 10 ). 

6 . 4 * 5 . 3 Oircular raft <- The effect of superstructure for 
loading 

From Figs. 6.7 and 6.8, the following observations 
can be made. The presence of superstructure in general 
reduces positive bonding moments and increases the magnitude 
of the negative bending moments, in the case of loading , 
for both = 0.47 and g = 0 (comparing Sq and 

in Figs. 6.7 and 6.8). This effect is max:imum in the range 
of = 0.5 to . 2 . 0 , For extremely rigid raft >> 10 and 
extremely flexible raft = 0.1, the effect of presence 
of superstructure tends to reduce. For = 2 , the 
reduction in positive bending moment, due to the superstructure 
is about 50 X . ^ 6*7), if superstructure 

is not considered, no negative bending moment occurs and 
for "^< 3 - 0, some negative moment occurs due to adhesive 
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contact, for this loading (Pig, 6,8). When the super- 
structure is included in the analysis, considerable negative 
bending moment occur for both values of ^ g. For very 
flexible raft, the magnitude of this negative moments are 
greater than the positive moments. 

6 *4* 5 *4 Circular raft - The effect of superstructure 
loading 

Prom Pigs, 6.9 and 6*10, the following observations can 
be made. For loading q 2 > effect of superstructure on the 
positive and negative bending moments, is less pronounced ' 
than for loading q-|, for circular raft, (Comparing Pigs. 6.7 
and 6.8 with Pigs. 6.9 and 6.10). For = 2, the reduction 
in maximum negative bending moment due to superstructure 
stiffness is about 50 '/. , For this loading^increase in positive 
moment due to superstructure stiffness is large^as for loading 
q^. For = 0,1 the value of negative moment that occurs 
near the centre, is not affected by superstructure stiffness 
(Pigs. 6.9 and 6.10). However, the values of positive 
moments that occur near the superstructure, are slightly 
affected by the superstructure stiffness, for = 0.1 also. 

6. 4. 5. 5 Circular raft-non-homo geneous soil 

The computed values of bending moments for non- 
homo geneous soil condition have also been shown in Pigs. 6.7 
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and 6.9 • Prom these figures following observations can be 
made. The bending moment values for circular raft (without 
superstructure) on non-homo geneous soil and homogeneous soil 
have been compared. The magnitudes of bending moments for 
non-homo geneous soil are significantly different from those 
for homogeneous soil (Pigs. 6.7 and 6.9). The magnitude 
of positive moment reduces by a,bout 20 X » for % = 10 
and by 70 '/, ■, for = 0.1, for loading q-|, compared to 
homogeneous soil. Por loading the magnitude of maximum 
negative moment increases by 40 '/ for = 10 and decreases 
by 10 X for = 10 and decreases by 10 '/. for = 0.1. 

Por this loading, there is slight reduction in positive 
bending moment compared to homogeneous soil. 

Effect of superstructure - loading 

The effect of superstructure on the positive bending 
moment is similar to homogeneous case (Pig. 6.7). There is 
about 50 X reduction in bending moment when superstructure 
stiffness is considered, for % = 2, and for stiffer or 
more flexible raft, this effect tends to decrease. The 
negative bending moments that develop due to the presence 
of superstructure, are less than those in the case of 
homogeneous soil, even though the trend is same. 

Effect of superstructure - loading q 2 S (Pig. 6.9) 

The. effect of superstructure on the negative 
bending moment is similar to that in the case of homogeneous 
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soil (comparing Sq and S^, for these soils). There is a 
reduction of about 30 X , for = 2 and tends to reduce 
as increases or decreases. The effect of super*- 
structure on positive moments, is significantly more compared 
to homogeneous soil. There is about 100 increase in this 
moment for = 2, as against 50 '/ in the case of homogeneous 
soil, for the same value of 

6.4«5.6 Pile*'raft: 

Homogeneous soil-loading Provision of pile 

reduces the positive moment in general (Pig. 6.7) except 
for % “ 10, for a Particular case of l/a = 2 or 3, when 
the superstructure is not considered. (In this case, 
maximum bending moment is more than that for unpliled 
circular raft; or the provision of piles, increases the bend- 
ing moment). Por L/a = 1, the reduction in maximum positive 
moment is more than the reduction in the case of L/a = 2 
and 3, particularly in the range of Kj^ = 2. So there 
appears to be an optimum length of pile, for which the maximum 
positive bending moment is minimum, for this loading. 

However, when superstructure is considered, the bending 
moment increases as L/a increases. The effect of super- 
's true ture stiffness on the maximum positive moment is 
in general smaller for pile— raft compared to raft. 
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Provision of piles, in general increases the negative 
bending moment, when superstructure is considered, This 
increase is quite large and maximum for = 10 (Pig. 6*7), 
for all values of X/a. 

Homogeneous soil - loading q 2 : (Pig. 6.9). The 

magnitude of negative bending moments are substantially 
reduced by the provision of piles. Por l/a = 3, the negative 
and positive bending moments become insignificant, compared 
to those for raft, and the effect of superstructure stiffness 
also becomes insignificant (Pig. 6.9). Por X/a = 1, the 
maximum negative moment reduces by 50 X » compared to raft 
(Pig. 6.9). The effect of superstructure stiffness, is to 
reduce the negative bending moment by about 20 X » foi" 

Kr = 10, AS Kr reduces to 0.1, the superstructure does not 
have any significant effect on bending moment. 

Hon-homogeneous soil: (Pigs, 6.7 and 6.9). Hon- 
homogeneity of soil does not have significant effect on 
maximum positive bending moment, for Kr = 10, compared to 
homogeneous soil, for loading q^ and q^ (Pigs, 6.7 and 6.9). 
However, for Kr =0.1, the non-homogeneity reduces the 
maximum positive moment by about 50 % , for loading q-|. 

Por loading q 2 » superstructure does not have any 

significant effect on the bending moments, which are already 
^ixall • 
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Effect of variation of superstructure stiffness and 
soil stiffness: These effects can he observed from *a, *h 
and *0, in Eigs. 6*7 and 6.9* As the soil becomes stiffen 
and superstructure becomes more flexible, the solutions 
tends to solutions without considering superstructure. 

6. 4. 5. 7 loading 

The results for this loading were taken only for the 
cases considering superstructure and all the results pertain 
to 'S^'. loading introduces, significant (fig., 6.12(b)) 
negative bending moments in the raft, particularly for stiffen 
raft. As approaches 0,1, this negative moments reduce 
to very small values. These negative moments are slightly 
more for Vg = 0,47 than for s = 0. The provision of 
piles, reduces the magnitudes of these moments slightly, 

AS stated earlier, the settlements due to this 
loading are very small; but the differential settlements 
are significant. The differential settlement is maximum 
in the range of =0.5 to 1 (Pig. 6.12(a)), The differential 
settlements are less, for Vg — 0,47 than for Vg = 0, 
for stiffen raft and the other way for flexible raft. However, 
A Is more for ~ values of Ej^. 
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6.4*6 Shear Force 

The shear force values have been shown in Figs. 6.11 
and 6.13. From these figures the following observations 
can be made. 

The values of shear forces are not affected by the 
presence of superstructure for K =10, for both values of 

ll 

Vg and for both loadings. For smaller values of the 
superstinicture stiffness increases the values of shear force 
marginally. This effect is less for pile-raft, than raft. 
The maximum increase in shear force due to superstructure 
stiffness is for raft, whose = 0.1 (about 70 '/ ). The 
effects for non-homo geneous soil are similar to those for 
homogeneous soil. 

6.4*7 Gontact Pressure 

The contact pressures have not been plotted. However, 
from the computed results, following observations were made. 

The contact pressures were found to be not affected 
much by the superstructure, for stiffer raft, for loading 

and q_ 2 » 5*0^ flexible raft the presence of superstructure 

was found to increase the contact pressure at the edge and 
reduce the contact pressures near the centre, for loading 
q^ and it was found to be the other way for loading ^ 2 * 

Due to loading q^, tensile contact pressures were found to be 
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set up at some locations, and these tensile stresses were 
found to he insignificant compared to compressive stresses 
due to loading q.^ and q_ 2 * 

6.4.8 In-plane Stresses 

For circular raft when superstructure is not considered, 
there are no significant in-plane stresses for Vg = 0.5, 
for vertical loading. However, the presence of superstructure 
introduces in-plaae stresses, even for Vg = 0.5, These 
in-plane stresses develop due to elastic connections between 
superstructure and raft, between pile head and raft, and 
also between raft base and soil. The method of computing 
these in-plane stresses, for the present formulation, has 
been discussed in Chapter 2 ( Sec. 2,4.8) 

The computed values of in-plane stresses have been shown 
in Pigs, 6.14 and 6,15» for different parameters. The in-plane 
stresses were found to be almost constant along the radial 
direction, for vg = 0*47. ilso, these stresses were 

^ 'K' 

almost equal in radial (fj^) and tangential (t^) directions 
except in a small sons near the super stiucture, wherein the 
tangential stresses were significantly more. The magnitude 
of these stresses in general, increases as reduces, 
for all the cases considered. 
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case of circular raft, when the 
superstructure is not considered, the in-plane stresses are 
compressive, for doth loading and q 2 (Pig. 6.15). The 
in-plane stresses due to the superstructure stiffness are 
tensile and compressive for loading q^ and ^respectively. 
The net effect, due to the comhined action of adhesion 
between raft base and soil and the elastic connection 
between superstructure and raft are small compressive and 
tensile stresses for loading q 2 and q^ respectively. 

Provision of piles slightly increases these stresses 
in the case of loading q-j . In the case of loading q 25 for 
» the compressive in-plane stresses developed, increase 
substantially compared to unpiled raft as seen in Pig, 6. 15(b). 

Por V 0,47, the values of fj^ for the oases 
S 

are shown in Pigs. 6.14 and 6.15, for X/a = 0, 1, 2 and 3, 
for different loading and for different values of Kj^, Por 
loading q 2 > provision of piles reduces the in-plane stresses 
and this reduction is more for longer piles. Por loading 
q^, the reduction in the values of in-plane stresses, is 
observed to be more for shorter piles (l/a=1). Por loading 
q^, provision of piles increases the in-plane stresses and 
these stresses are not sensitive to L/a, for X/a 2 
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The magnitudes of these in-plane stresses were found 
to he about 10 / to 20 / of the maximum bending stresses, 
for the cases considered, for loading and qg* loading 

q^, the in-plane stresses are more and these stresses become 
dominant for flexible raft, or pile-raft. 

6.5 COIfPiRISOIT WITH SIMPIIPIBI) AHihYSIS 

,_^art from the finite element analyses discussed so 
far, a simplified analysis was also carried out for a parti- 
cular case of circular raft =2, vg “ 0»4-7), with 
loading q^ and q_ 2 * In this analysis, the circular plate on 
finite elastic layer was analysed using finite difference 
method assuming thin plate theory and representing the soil 
by numerical integration of available solutions for finite 
elastic layer, for this simplified analysis the computer 
program developed by Karmarkar (76), was modified and used 
and detailed description of the procedure is also given by 
him. To include the effect of superstructure, a condition 
of zero slope was introduced at the location of superstructure 
raft connection. JL similar approximate method has been used 
by Hooper (75), in his analysis of a rectangular raft, as 
mentioned in the section 6.1. The effect of superstructure 
assessed from the simplified analysis are compared with 
finite element analysis results, in Table 6.7. 



Prom Table 6.7, it can be observed that the simplified 
analysis overpredicts the effect of superstracture on the 
maximum bending moments and this overprediction increases as 
the soil becomes stiffer or superstructure becomes more 
flexible, as the results of simplified analysis ax’s ‘independent 
of stiffness of the superstructure and soil, for a given 
value of %• In the case of differential settlement also the 
simplified analysis was found to overpredict the effect of 
superstructure as observed in the case of bending moment to 
similar extent. This study indicates the order of difference 
between simplified analysis and finite element analysis. 

6.6 DESIGN CH..4RTS 

The solutions obtained the finite element analyses, 
for the particular geometry (Pig. 6.1), of the superstructure 
have been presented in Tables 6.1 to 6.6 and Pigs. 6.1 to 
6.15. 

Solutions were also obtained for a circular raft (Kg^=10) 
without hemispherical dome portion (with only cylindrical 
portion) and with height of cylindrical portion equal to 
0.4a, 0.7a,a and 2a, for loading q^ and qg* It was found 
that the solutions for heights equal to a and 2a almost 
coincided with those obtained from the original analysis 
(with superstructure aS in Pig. 6.1, the results of which 
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have been presented in Tables and Figures). For height 
equal to 0.7a, the difference in bending moment and diff- 
erential settlement compared with original analysis was 
less than 3 (settlement, pile load etc. are not very 
sensitive to superstructure stiffness). Only in the case of 
analysis with height of cylindrical superstructure equal to 
0.4a, the difference was significant. Hence, the solutions 
presented for loading q^ and q 2 , can be used for any height 
of superstructure and for any shape of top cover, provided 
height of superstructure is greater than 0.7a, for certain 
range of other parameters. 

From tables and figures, the values of settlements, 
differential settlements, bending moments, maximum shear 
force, the pile loads (if any) and maximum in-plane stresses 
can be computed for circular raft with a cylindrical super- 
structure whose thicloiess is 0.1a, founded on the surface of 
a soil whose modulus is 1/1500 of the modulus of the raft/ 
superstructure material and also for a circular raft, with 
closely spaced piles in an annulus or a circular raft with 
a solid skirt, whose width is 0.1a, near the edge and 
whose modulus (in the case of skirt) or equivalent modulus 

E r (in the case of piles) is 600 times that of soil, 
peq 

with different depths of embedment (L/a = 1,2 and 3) • 
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• The equivalent Young's modulus of annulus of area A 

containing piles whose total a3?ea of cross section is 
equal to A^ can be calculated as, 


®peq 
where Bp, 


A 


( 6 . 2 ) 


Eg - Young's modulus of pile material and soil 
respectively. 


It is to be noted that the loading q^ (used in the 
analysis for presentation of results) is u.d.l. over a circular 
of radius 'a*, which is the outer radius of the superstructure. 
Bor u.d.l. over '0.9a' (over the inner portion of the raft), 
the solutions can be obtained by subtracting the solution 
for q 2 , from the solution for q^ . It is also to be noted 
that for loading q.^, the solutions presented apply to the 
particular geometry of the superstructure considered in the 
analysis. These solutions may be used for the analysis of 
the foundation for different conditions of the structure 
like the 'storage structure full' and 'empty', by superposing 
these solutions appropriately. 

Since %/Es assume- to be esLualto 1500, in 

most of the cases, these solutions may be useful in the case 
of such structures, founded on weak soil, in which case 
the differential settlement is likely to be more and the 
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Same can "be reduced "by considering the superstructure 
stiffness and/or by the provision of piles or skirt. 

However, it is possible to generate design charts for wider 
range of parameters similar to the ones presented herein. 

6.7 COHOI/USIOFS 

1 , The problem of interaction of super structure'-foundation*- 
soil system can be analysed, including the effect of 
in-plane stresses, using parabolic isoparametric finite 
elements. 

2. In general, the maximum settlements are not very 
sensitive to the' superstructure stiffness, particularly 
so for pile-raft. Provision of piles or skirt near 

the edge substantially reduces the settlement of circular 
raft, 

3. Por edge loading of circular raft founded on a soil 

whose vs “ adhesive contact at raft- soil 

interface, increases the magnitude of maximum 
negative bending moment and differential settlement 
by about 50 / , for fairly rigid raft. 

4. Inclusion of superstructure in the analysis, 
appreciably (to the extent of 60 '/ ) reduces the 
differential settlement in the case of circular raft 
of practical range of stiffness (% = 1 to 10), 
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Provision of piles or skirt reduces the differential 
settlement for edge loading (q2)> whereas for u.d.l. 
(ll) there is slight increase in differential settle*- 
ment, due to provision of piles. The effect of 
superstructure rigidity on the differential settlement 
are of similar extent for both homogeneous and non- 
homogeneous soil considered. 

5‘. Piles carry significant percentage of load for both 
loadings and q 2 . Particularly for loading q 2 > 
almost entire load is taken by piles and the pile 
loads are insensitive to raft stiffness for this 
loading. Pile loads are significantly more for 
Vg = 0 than for Vg = 0.47. 

6. The superstructure stiffness in general, reduces 

the positive bending moments (to the extent of 50*-60 /.) 
and increases the magnitudes of negative bending mom- 
ents for u.d.l. (q-j), for practical range of values 
of raft stiffness. For edge loading (q 2 )> the 
effects are slightly less compared to u.d.l. (q-^). 

Such effect of superstructure stiffness on bending 
moments, is found to be in general, less in the case 
of pile-raft, than circular raft. The effect of super- 
structure stiffness on bending moment are of similar 
nature for both homogeneous and non-homo geneous soil 
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considered. Provision of piles reduces the positive 
bending moments and inoreases the negative bending 
moments, for loading . Por loading ^ 2 ^ magnitude 
of negative bending moments reduce substantially, due 
to the provision of piles. 

7. In-plane stresses develop in the raft, due to the 
elastic connections between different components of 
the system (pile-raft-superstructure-soil). These 
stresses increase as reduces. The magnitude of 
these stresses were found to be about 10 to 20 % of 
maximum bending stresses, for loading and ^2* 
loading the in-plane stresses are larger and 
become dominant for flexible raft. 

8. The simplified analysis to include the effect of 
superstructure, by assuming zero slope at super- 
structure-raft inter connection, overpredicts the 
effect of superstructure on bending moment and differ- 
ential settlement. This overprediction increases 
considerably as the soil becomes stiffer and/or as the 
superstructure becomes more flexible. 

The values of shear forces and contact pressures are 
not affected much by the presence of superstructure 
for both loading q^ and q 2 » in the case of fairly 
rigid raft = 10) . 


9 
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TABLE 6.1 SETTLEE/rSIT INPLUSIGB FACTORS ^ I„ 

o 

SBg 

^ ~ Cq = q-i or qg ^3) 

= 0.47j L/a = 0 and L/a = 1 


r/a 

! 

r 

f 

g-1 1 


92 

f 

f 

! 

^13 

! L/a = 0 

f 

L/a=1 1 

t 

L/a =* 0 

' L/a = 1 

[ L/st ,0 

t 

L/a=1 

1 

2 

3 

4 

5 

6 

7 

0.0 

0.9516®' 

0.7169 

0.1771 

0.1328 

-0.02583 

-0.02260 


0.9757^ 

0.7459 

0.1743 

0.1316 

-0.04699 

-0.03724 


1.0245° 

0.8086 

0.1669 

0.1282 

-0.05225 

-0.03818 


1.1572*^ 

0.9592 

0.1469 

0 . 1 204 

-0.03560 

-0.0211B 

0.1 

0.9514 

0.7167 

0.1771 

0.1328 

-0.02551 

-0.02233 


0.9750 

0.7451 

0.1744 

0.1517 

-0.04645 

-0.03684 


1.0225 

0.8063 

0.1671 

0 . 1 283 

-0.05174 

-0.03788 


1 .1521 

0.9536 

0.1477 

0.1207 

-0.03557 

-0.02140 

0.2 

0.9507 

0.7159 

0.1772 

0.1329 

-0.02457 

-0.02155 


0.9729 

0.7426 

0.1746 

0.1318 

.-0.04477 

-0.03562 


1.0168 

0.7994 

0.1679 

0.1287 

-0.0501 6 

-0.03693 


1.1375 

0.9372 

0.1498 

0.1216 

-0.03537 

-0.021 69 

0.3 

0.9497 

0.7148 

9.1773 

0.1329 

-0.02299 

-0.02024 


0.9695 

0.7386 

0.1751 

0.1320 

-0.04198 

-0.03559 


1.0077 

0.7884 

0.1692 

0.1293 

-0.04747 

-0.03533 


1.1135 

O.9IO6 

0.1533 

0.1231 

-0.03491 

-0.02223 

0.4 

0.9482 

0.7132 

0.1774 

0.1330 

-0.02075 

-0.01838 


0.9649 

0.7334 

0.1755 

0.1322 

-0.03804 

-0.03070 


0.9957 

0.8741 

O.I7O8 

0,1300 

-0.04356 

-0.03290 


I.O8I9 

0.8753 

0.1580 

0.1251 

-0.03386 

-0.02250 
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•■■ 1 

2 

3 

4 

5 

6 

7 

0.5 

0.9465 

0.7112 

0.1776 

0.1331 

-0.01787 

-0.01598 


0.9595 

0.7271 

0.1763 

0.1326 

-0.05293 

-0.02693 


0,9816 

0.7573 

0.1728 

0.1309 

-0.03832 

-0.02961 


1 .0442 

0.8333 

0.1636 

0.1273 

-0.03195 

-0.02250 

0.6 

0.9445 

0 . 7090 

0.1778 

0.1332 

-0.01437 

-0.01 308 


0.9535 

0.7203 

0.1770 

0.1329 

-0.02660 

-0.02223 


0.9665 

0.7394 

0.1749 

0.1318 

-0.03158 

-O.O25I8 


1 .0037 

0.7881 

0.1698 

0 . 1 29 7 

-0.02856 

-0.02138 

0.7 

0.9423 

0.7067 

0.1780 

0.1333 

-0.01024 

-0.00966 


0.9472 

0.7134 

0.1777 

0.1332 

-0.01902 

-0.01661 


0.9515 

0.7220 

0.1770 

0.1327 

-0.0231 6 

-0.01955 


0.9638 

0.7440 

0.1760 

0.1320 

-0.02312 

-0.01890 

0.8 

0.9400 

0.7044 

0.1782 

0.1334 

-0.00528 

-0,00546 


0.9412 

0.7071 

0.1783 

0.1335 

-0.01008 

-0.00983 


0.9383 

0.7073 

0.1789 

0.1334 

-0.01279 

-0.01223 


0.9510 

0.7083 

0.1811 

0.1338 

-0.01468 

-0.01366 

0.9 

0.9378 

0.7020 

0.1784 

0.1334 

-0.00021 

-0.00069 


0.9358 

0.7019 

0.1788 

0.1337 

-0.00017 

-0.00174 


0.9287 

0.6976 

0.1798 

0.1338 

-0.00032 

-0.00291 


0.9119 

0 . 689 2 

0.1839 

0.1347 

-0.00236 

-0.00483 

1 .0 

0.9356 

0.7003 

0.1785 

0.1335 

0.00610 

-0.00375 


0.9313 

0.6987 

0.1791 

0.1338 

0.01115 

-0.00602 


0.9225 

0.6936 

0.1801 

0.1339 

0.01292 

-0.00643 


0.9055 

0.6855 

0.1841 

0.1348 

0.01098 

00.00510 

1 .1 

0.9353 

0.6986 

0.1786 

0.1336 

0*01200 

0.00883 


0.9265 

0.6952 

0.1792 

0.1339 

0.0 2200 

0.01460 


0.9156 

0.6892 

0.1801 

0.1339 

0.02591 

0.01643 


0.8955 

0.6808 

0.1831 

0.1345 

0.02359 ■ 

0.01521 


b- % = 2 c - % = 0.5 d - Kj^ = 0.1 


a - % = 10 
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TABLE 6.2 SETTLE!, CENT INPLUEITCS FACTORS - Ig 

SSg 

(4 = <11,,,<12 or q,j) 

TaLulated values are IgXiO, Vg = 0.47 , L/a = 2 and E/a = 5 


r/a 


<11 

q.2 


I 


L/a=2 

L7a=3 

L/a=2 

L/a=3 

L/a=2 

L/a=3 

1 

2 


" 4 7 



7 

. 0.0 

5.4780^ 

4.5100 

1.0055 

0.7831 

-0.2344 

-0.2376 


5.8066 

4.6517 

0.9998 

■0.7795 

^0.3819 

-0.3857 


6.5259° 

5.4087 

0.9839 

0.7701 

-0.3808 

-0.3817 


8.1269 

7.0647 

0.9502 

0.750 2 

-0.1909 

-0.1860 

0.1 

5.4752 

4.5071 

1.0056 

0,7851 

-0.2317 

-0.2350 


5.7970 

4.6418 

1 .0000 

0.7794 

-0.3780 

CO 

GO 

• 

0 

1 


6.4997 

5.3814 

0.9845 

0.7705 

-0.5782 

-0.379 2 


8.0668 

7.0026 

0.9516 

0,7510 

-0.1936 

-0.1888 

CM 

• 

O 

5.4669 

4.2984 

1.0057 

0.7832 

-0.2240 

- 0.2272 


5.7691 

4.6127 

1 .0006 

0.7797 

-0.3662 

-0.3701 


6.4255 

5.3020 

0.9861 

0.7714 

-0.3697 

- 0.3710 


7.8918 

6.8220 

0.9554 

0.7531 

-0.1984 

- 0.1940 

0.5 

5.4555 

4.2845 

1 .0060 

0.7834 

-0.2110 

• 21 4^ 


5.7245 

4.5660 

1.0015 

0.7802 

-0.3464 

- 0.3503 


6.5008 

5.1747 

0.9887 

0.7729 

-0.3552 

-0.3568 


7.6075 

6.5284 

0.9617 

0.7567 

-0.2068 

- 0.2030 

0.4 

5.4556 

4.2658 

1.0063 

0.7835 

-0.1924 

- 0.1957 


5.6651 

4.5045 

1 .0026 

0.7809 

-0.3181 

- 0.3222 


6.1406 

5 .0085 

0.9920 

0.7748 

-0.3351 

- 0.3351 


7.2307 

6.1400 

0.9699 

0.7614 

-0.2134 

- 0.2104 
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1 

2 

3 

4 

5 

6 

7 

0.50 

5.4158 

4.2431 

1 .0068 

0.7838 

-0.1685 

-0.1.71 8 


5.5949 

4.4512 

1.0040 

0.7816 

-0.2811 

-0 . 2854 


5.9550 

4.8136 

0.9958 

0.7770 

-0.3026 

-0.3052 


6.7822 

5.6776 

0.9796 

0.7670 

-0.2181 

»-0 • 21 60 

0.60 

5.5892 

4.2173 

1.0072 

0.7840 

-0.1397 

-0.1430 


5.5184 

4.3516 

1 .0054 

0.7825 

-0.2349 

-0.2394 


5.7557 

4.6068 

0.9998 

0.7793 

-0.2609 

-0.2639 


6.5006 

5.1814 

0,9898 

0.7729 

-0.2117 

-0.2105 

0,10 

5.5651 

4.1901 

1 .0077 

0.7845 

-0.1056 

-0.1090 


5.4412 

4.2714 

1 .0068 

0.7832 

-0.1794 

-0.1840 


5.5605 

^.4065 

1 ,0056 

0.7815 

-0.2070 

-0.2105 


5.8514 

4.6983 

0.9997 

0.7785 

-0.1916 

-0.1913 

0.80 

5.5572 

4.1632 

1 .0081 

0.7845 

-0.0637 

-0.0671 


5.5707 

4.1981 

1.0081 

0 .7839 

-0.1124 

-0.1171 


5.5982 

4.2584 

1.0067 

0.7832 

-0.1357 

-0.1396 


5.4516 

4.5075 

1 .0073 

0.7829 

-0.1428 

-0.1433 

0 

• 

0 

5.5105 

4.1353 

1 .0082 

0.7844 

-0.0162 

-0.0196 


5.5126 

4.1579 

1.0087 

0i7842 

-0.0320 

-0.0369 


5.29 25 

4.1288 

1'.0083 

0.7841 

-0.0436 

-0.0478 


5.2492 

4.0996 

1.0110 

0.7850 

-0,.0565 

-0 .0571 

1 .00 

5.2919 

4.1160 

1.0085 

0.7846 

0.0283 

0.C248 


5.2775 

4.1014 

1 .0092 

0.7844 

0.0453 

0.0404 


5 . 2488 

4.0842 

1 .0087 

0.7842 

0.0494 

0.0452 


5.2107 

4.0605 

1,0111 

0.7849 

0.0428 

0.0419 

1.10 

5.2751 

4.0967 

1 .0091 

0.7850 

0.0789 

0.0755 


5.2405 

4.0636 

1.0095 

0.7846 

0 . 1 309 

0.1260 


5.2059 

4.0386 

"1 ;4Q086 

0.7840 

0.1490 

0.1448 


5.1677 

4.0196 

1 .0090 

0.7832 

0.1437 

0.1429 

Kjj^ 

=10 b 

2 

0 - Kjj = 

0.5 d 

- = 0.1 
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TIBLS 6.5 jBSTONG MOMENT INFTjUENOE EjLCTORS - MD 
/ 2 *2 

^gR “ %/'ia » ly^ = (r = q-l* 92 93 ) 

'^S~ ^ a. — 0 


r/ a 


'll 


<12 

'I3 


I,jjjx1000 

Ii\^2i100C 

) Ij^xlOOO 1^^x1000 

9j^x1000 


1 

2 

3 

4 

5 ' 

6 

7 

0.04-23 

71.155®' 

"K 

71.599 

-7.455 

-7.514 

-106.347 

-106.321 


47.389 

47.793 

-5.809 

-5.865 

- 37^151 

-37.097 


32.338° 

A 

32.675 

-4.467 

-4.512 

8.717 

— 8.659 


16.595 

16.896 

-2.411 

-2.425 

- 0.150 

- 0.120 

0.1577 

68.010 

69.668 

-7.036 

-7.257 

-106.583 

-106.485 


44.506 

46.034 

-5.418 

-5.627 

- 37.539 

- 37.538 


29.977 

31.235 

-4.159 

-4.323 

- 9.121 

- 8.907 


15.800 

16.308 

-2.312 

-2.364 

- 0.358 

- 0.247 

0 . 2423 

64.669 

68.126 

-6.588 

-7.529 

-106.823 

-106.577 


41.440 

44.618 

-5.015 

-5.435 

- 37.952 

- 37.526 


27.475 

30.077 

-3.830 

-5.435 

- 9.553 

- 9.107 


14.806 

15.863 

-2.212 

-2.321 

- 0.576 

- 0.347 

0.3577 

56.760 

64.512 

-5.497 

-6.562 

-107.353 

-106.767 


34.167 

41.270 

-3.974 

-4.969 

- 38.900 

- 37.955 


21.346 

27.286 

-2.984 

-3.793 

- 10.567 

- 9.572 


1 1 .886 

14.597 

-1 .858 

-2.174 

- 1.151 

- 0.603 

0.4423 

49.580 

61.121 

-4.487 

-6.095 

-107.836 

-107.057 


27.440 

38.148 

-3.020 

-4.533 

- 39.756 

- 38.372 


15.717 

24.920 • 

-2.185 

-3.435 

- 11.488 

- 10.006 


9.028 

13.372 

-1.497 

-2.028 

- 1.697 

- 0.847 
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3 .5577 

.6422 

).7577 

) .8211 

).8789 


'' '2 

’3 

4 

5 


7 

57.000 

55.089 

-2.619 

-5.226 

-108.675 

-107.636 

15.657 

32.571 

-1.236 

-3.719 

41.201 

- 39.103 

5.459 

19.958 

-0.623 

-2.744 

- 13.070 

- 10.765 

2.812 

10.764 

-0.585 

-1.670 

- 2.756 

- 1.318 

26.595 

50.290 

-0.980 

-4.525 

*“109.364 

-107.778 

5.607 

28.032 

0.336 

-3.037 

-42.394 

- 39.632 

-5.575 

15.992 

0.786 

-2.146 

-14.394 

- : 11.376 

-5.115 

8.400 

-0.335 

-1.330 

- 3.712 

- 1.726 

9.885 

42.981 

1.823 

-3.378 

-110.293 

-107.668 

-10.189 

20.977 

3.071 

-1 .886 

- 44.112 

- 40.352 

-17.965 

9.585 

3.344 

-1 .089 

- 16.360 

- 12.286 

-14.400 

3.977 

2.351 

-O.6O3 

- 5.309 

- 2.405 

0.106 

37.420 

3.611 

- 2, 469 

-110.846 

-108.851 

-19.656 

15.929 

4.826 

-1.064 

-45 .090 

- 41.075 

-26.861 

5.195 

5.022 

-3.557 

-17.489 

- 11.376 

-21.952 

0.822 

3.795 

-0 .060 

- 6.296 

- 2,877 

CM 

• 

i 

30.259 

5.513 

-1.256 

-111v436 

-111 .965 

-28.652 

9.849 

6 . 684 

-0.085 

- 45.956 

- 42.229 

-55.471 

0.231 

6.824 

0.482 

- 18.480 

- 13.709 

-29.750 

- 2.750 

5.450 

0.586 

- 7.208 

- 3.4O6 


L - % = 10 


^ = 2 


c - Kj^ = 0.5 


d - % 


0,1 
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2 2 

hsR ^ » ^MT ( q = q.v I2 ^5^ 


Vg = 0.47 L/a = 1 
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.'^3 
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Ij^xIOOO 

Ij^^xIOOO Ij^xIOOO 

7]\£f{^x:1000 

ijnxiooo 

1 

2 

3 

4 

5 

6 

7 

0.0425 

79.508^ 

80.089 

-3.764 

-3.796 

T 

00 

00 

* 

ro 

-88.198 


55.375^ 

55.904 . 

-2.762 

-2.793 

-27.062 

-27.004 


38.884° 

39.298 , 

-2.073 

-2.098 

- 5.136 

- 5.079 


18.652 

18.799 

-1.044 

-1.054 

0.456 

0.480 

D.1577 

75.390 

77.555 

-3.535 

-3.655 

-88.498 

-88.374 


51.643 

53.619 

, -2,547 

-2.661 

-27.470 

-27.255 


35.981 

37.524 

-1.899 

-1.992 

- 5.553 

- 5.322 


17.608 

18.1 60 

-0.973 

-1.011 

0.282 

0.374 

0.2423 

71 .017 

75.554 

-3.289 

-3.543 

-88.772 

—88 .488 


47.670 

51.794 

-2.317 

-2.555 

-27.903 

-27.454 


32.894 

36.108 

-1.715 

-1 .906 

- 5.954 

- 5. 516 


16. 517 

17.676 

-0.900 

-0.977 

0.102 

0.292 

0.3577 

60. 504 

70.799 

-2.711 

-3.279 

-89.408 

-88.745 


38.032 

47.414 

-1.773 

-2,305 

-28.934 

-27.924 


25.185 

32. 619 

-1.267 

-1.701 

- 6.981 

- 5.985 


13.261 

I6.272 

-0,695 

•^^887 

— 0 . 40 6 

0.070. 

0.4423 

50.871 

66 . 284 

-2.183 

-3.029 

-89.989 

-89.055 


29 .178 

43.309 

-1.273 

-2.072 

-29 .870 

-28.365 


18.037 

29.358 

-0.852 

-1.511 

- 7.923 

— 6.420 


10.064 

14.910 

-0.495 

-0.801 

-0.894 

-0.143 
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2 

3 

4 

5 

6 

7 

0.5577 

33.490 

58.049 

-1.260 

-2.585 

-91.030 

-89.656 


13.082 

35.813 

-0.395 

-1.659 

-31.532 

-29.157 


4.636 

23.267 

-0.102 

• 1 66 

- 9.636 

- 7.210 


2.925 

11.945 


-0.625 

-.1.919 

- 0.582 

0.6422 

18.547 

51.513 

-0.479 

-2.234 

-91.891 

-89.938 


- 0.849 

29.659 

0.355 

-1.318 

-32.932 

-29.785 ^ 


- 7.187 

18.111 

0.547 

-0.874 

-11 .110 

- 7.872 


- 3.977 

9.239 

0.297 

-0.467 

- 2.873 

- 0,971 

:i5ii 

-5.883 

41.250 

0.766 

-1 .698 

-93.197 

-90.180 


-23.891 

19.738 

1.545 

-0.784 

-35.145 

-30.750 


-27.399 

9.482 

1.603 

-0.403 

■ -13.519 

- 8.940 : 


-17.558 

4.027 

0.994 

-0.184 

— 4.648 

- 1.680 ; 

0.8211 

-20.890 

33.026 

1.521 

-1.271 

-93.999 

-91.147 1 


-38.159 

12,508 

2.270 

-0.411 

-36.467 

-31^492 : 


—40 . 1 68 

3.469 

2.253 

—0,089 

-14.958 

- 9.662 : 


-26.798 

0.249 

1.452 

0.012 

- 5.811 

- 2.182 ; 

0.8789 

-36.197 

21.898 

2.215 

-0.709 

-94.956 

■ -93.401 ; 


-52.574 

3.643 

2.947 

0.018 

-37.877 

-32.485 : 


-53.135 

- 3.447 

2.869 

0.251 

-16.520 

-10.493 ^ 


-36.676 

-4.110 

1.906 

0.224 

- 7.082 

- 2.768 ; 

a - % 

= 10 

b - = 2 

0 

% = 0.5 

a - % 

= 0.1 
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= 
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5) 
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O 
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000 

1^x1000 

Ij^xIOOO 
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2 

3 

4 

5 

6 

7 

0.0423 

89.890^ 

-u 

90.561 

-1.725 

-1.739 

-87.736 

-87.698 


62.582° 

63.190 

-1.235 

-1 .249 

-26.379 

-26.314 


43.458° 

43.926 

-0.910 

-0.921 

- 4.558 

- 4.495 


19.938 

20.098 

-0.442 

—0 . 44 6 

0.670 

0.697 

0.1577 

85.133 

87.634 

-1.621 

-1.675 

-88.035 

-87.894 


58.294 

60.565 

-1.138 

-1.190 

-26.842 

-26.598 


40.170 

41.918 

-0.835 

-0.875 

- 5.004 

- 4.767 ; 


18.810 

19.407 

-0.413 

-0,428 

0.481 

0.581 

0.2425 

80.079 

85.319 

-1.510 

-1.624 

-88.344 

-88.025 : 


53.724 

58.464 

-1.035 

-1.142 

-27.333 

-26.824 : 


36.677 

40.313 

-0.754 

-0.838 

- 5.477 

- 4.986 


17.632 

18.883 

-0.383 

-0.415 

0.285 

0.492 : 

0.3577 

67.968 

79.834 

-1.246 

-1.505 

-89. ' 

-88.319 


42.672 

53.435 

-0.791 

-1.030 

-28.501 

-27.356 1 


27.991 

36.376 

-0.556 

-0.748 

- 6.631 

- 5 .512 


14.123 

17.369 

-0.298 

-0.377 

— 0.266 

0.251 1 

0.4423 

56.880 

74.630 

-1 .004 

-1.391 

-89.719 

-88,665 


32.524 

48.727 

-C.566 

-0.925 

-29.562 

-27.856 


19*927 

32»696 

-0.374 

-0.664 

- 7.689 

— 6.000 


10.687 

15.902 

-0.214 

-0.341 

- 0.795 

0.019 
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1 2 

3 

4 

5 

6 

7 

0.5577 36.965 

65.172 

- 0.580 

- 1.187 

- 90.890 

- 89.328 

14.165 

40.161 

- 0.168 

- 0.739 

- 31 .440 

- 28.751 

4.875 

25.845 

- 0.044 

- 0.512 

- 9.609 

6 • 888 

3.480 

12.724 

- 0.038 

- 0.267 

- 1.904 

- 0.455 

0.6422 19.860 

57.669 

- 0.220 

- 1 .027 

- 91 .861 

- 89 . 659 

- 1.692 

33.130 

0.172 

- 0.585 

- 33.025 

- 29.464 

- 8.373 

20.049 

0.244 

- 0.383 

- 11.261 

- 7.629 

- 4.328 

9.824 

0.125 

- 0.200 

- 2.935 

- 0.877 

0.7577 - 7.945 

45.934 

- 0.355 

- 0.780 

- 93.338 

- 89.976 

- 27.771 

21 .840 

0.718 

- 0.341 

- 35.527 

- 30,559 

-30 .-87 6 

10.391 

0.718 

- 0.173 

- 13.955 

- 8.825 

- 18.782 

4.261 

0.425 

- 0.078 

— 4.848 

- 1.643 

0.8211 - 25.074 

36.547 

0.706 

- 0.583 

- 94.244 

- 91.003 

- 43.885 

13.652 

1.053 

- 0.172 

- 37.025 

- 31.593 

- 45.045 

3.693 

1.013 

- 0.033 

- 15.595 

- 9 . 634 

- 28.597 

0 . 259 

0.624 

0.006 

- 6.101 

— 2.184 

0.8789 - 42.147 

25.907 

1.039 

- 0.395 

- 95.294 

- 93.334 

- 59.983 

5.688 

1.372 

0.024 

- 38.595 

- 32.495 

- 59.310 

- 3.959 

1.300 

0.118 

- 17.293 

- 10.562 

- 39.033 

- 4.381 

0.827 

0.097 

- 7.459 

- 2.813 



a *“ ~ 10 


2 


c - = 0.5 


d - Kj ^ 


0.1 
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0.47 
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r/a 


^1 


q2 

q 

•3 
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000 
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I|,UXlOOO 


lajXlOOO 

0.0423 

93.798^ 

94.499 

-0.968 

-0.976 

-87.629 

-87.590 


65.207 

65.844 

-0.705 

-0.711 

-26.232 

-26.165 


45.163° 

45.651 

-0.525 

-0.531 

- 4.441 

- 4.376 


20.582 

20.748 

-0.251 

-0.253 

- 0.150 

- 0.120 

0.1577 

88.819 

91.437 

-0.907 

-0.939 

-87.935 

-87.790 


60.715 

63.095 

-0.647 

-0.677 

-26.706 

-26.455 


41.731 

43.555 

^0 # 48 2 

-0.505 

- 4.897 

- 4.654 


19. 408 

20.029 

-0.235 

-0.243 

- 0.358 

- 0.247 

0.2423 

83.522 

89.011 

-0.843 

-0.909 

-88.252 

-87.924 


55.934 

60.895 

-0.587 

-0.649 

-27.209 

-26,687 


38.085 

41 .879 

-0.436 

—0 . 484 

- 5.381 

- 4.878 


18.182 

19.484 

-0.220 

-0.236 

-00.576 

— 0 . 547 

0.3577 

70.840 

83.266 

-0 . 69 1 

-0.840 

-88.988 

-88.227 


44.380 

55.634 

-0.445 

-0.584 

-28.406 

-27.233 


29.025 

37.772 

-0.323 

-0.432 

- 6.561 

- 5. 41 6 


14.537 

17.910 

-0.174 

-0.216 

- 1.151 

- 0.603 

0.4423 

59.227 

77.815 

-0.550 

-0.774 

-89.660 

-88.580 


33.768 

50.711 

-0.315 

-0.523 

-29 .494 

-27.745 


20.623 

33.935 

-0.217 

-0.384 

-7.642 

- 5.91,6 


' 10.981 

161388 

-0.126 

-0.196 

- 1.697 

- 0.847 
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Gontd. Table 6.6 


1 2 

3 

4 

5 

6 
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0.5577 58.409 

67.921 

-0.30 2 

-0.655 

-90.859 

-89*257 

14.596 

41.763 

-0.082 

-0.415 

-31.420 

-28.663 

4.967 

26.803 

-0,024 

-0.296 

- 9.603 

- 6.822 

3.101 

13.104 

-0.023 

-0.154 

- 2.756 

- 1.318 

0.6422 20.540 

60.072 

-0,089 

-0.562 

-91 .854 

-89.599 

- 1.951 

34.417 

0.118 

-0.325 

-33.044 

-29.393 

- 8.801 

20.771 

0.146 

-0.221 

-11 .291 

- 7.580 

-4.509 

10.108 

0.070 

-0.116 

- 3.712 

- 1.726 

0.7577 -8.452 

47.816 

0.255 

-0.417 

-93*368 

-89.932 

-29,117 

22.636 

0.444 

-0.180 

-35*609 

-30.517 

-32.143 

10.735 

0.430 

-0.096 

-14*043 

- 8.802 

-19.379 

4.374 

0.247 

-0.045 

- 5.309 

- 2.405 

0.8211 -26.237 

58.019 

0.465 

-0.299 

-94*297 

-90.972 

-45«888 

14.106 

0.645 

-0.080 

-37*144 

-31.371 

-46.832 

3.786 

0.608 

-0.013 

-15.719 

- 9*628 

-29.465 

0.235 

0.366 

0.004 

- 6 * 29 6 

- 2.877 

0.8789 -44.019 

24.852 

0.674 

-0.137 

-95.366 

-93*319 

-62.584 

3.753 

0.842 

0.036 

-38.748 

-32.49 6 

-61.587 

- 4.139 

0.784 

0.077 

-17.450 

-10.575 

-40 . 1 68 
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CaAPTER 7 


OOHOLUSIOHS ilTO REGOmCSirairiOWS 

7 . 1 SUMM-IRY 

Pinite element technique has been used to present 
solutions for wide range of parameters for a piled circular 
footing of finite flexibility set in different types of soil, 
like homogeneous, non-homo geneous soils of different kinds 
and cross-anisotropic soils. Effect of different geometric 
and material parameters on the behaviour of the system has 
been discussed in detail. The effectiveness of piled 
circular footing compared to other types of foundations 
has been brought out by examples, in approximate method, 
for determining the settlement, in case of pile failure has 
been described. The effect of interface condition on the 
behaviour of the system has been studied and discussed in 
de tail • 

Elasto-plastic analysis has been carried out to 
study the undrained behaviour of circul<=r footing, single 
pile and piled circular footing, using ’initial stress’ 
finite element computation technique, with and without 
interface elements. The effects of parameters like, 
flexibility of footing, compressibility of pile, non- 
homogeneity of soil etc, on the behaviour of these foundations, 
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b-ave been discussed. Some difficulties when this numerical 
technique is used for Tresea and Drucker-Prager material 
have been indicated. 

A simple procedure, combining axisymmetric finite 
element analysis and interaction factor method, has been 
developed, for analysis of pile groups and pile>-raft systems 
set in any linear elastic medium. Using this procedure 
settlement behaviour of pile groups and pile-rafts, consisffc- 
ing of different number of units in a square arrangement, 
set in different type of soil like, homogeneous, nou>- 
homogeneous (of different kinds) and cross anisotropic has 
been analysed. The effect of different parameters have been 
discussed in detail. 

The necessity of a non-linear analysis with variable 
'interaction' with load level is indicated. A simple 'non- 
linear interaction factor' method of .analysis has been 
developed for this purpose. A particular case of this 
analysis, namely a 'bi-linear analysis', has been used for 
illustration of the method and for presentation of some 
results, in the case of pile-raft systems. 

The effect of an axi-symmetrical superstructure on 
the behaviour of circular raft and piled circular raft have 
been studied using finite elements. Solutions have been 
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obtained with and without considering the superstructure 
and compared. The effect of different parameters like, 
flexibility of raft, length of pile and non>-homogeneity of 
soil have been discussed in detail. The solutions have been 
presented in non*-dimenstonal form for different loading 
conditions for which such structures may be subjected to. 

Though analysis of piled foundation was the essential 
aim, some results taken for circular raft/footing and single 
pile, from which conclusions of some importance could be drawn, 
have been presented and discussed. 

The numerical solutions obtained have been compared 
vjith available solutions in many cases^ to ascertain the 
accuracy. 

Most of the computer programs used for the above 
analyses were developed specially for this purpose. In some 
cases, some programs developed at IIT Kanpur were checked, 
modified to suit the present requirements and used. 

Some useful conclusions could be drawn from these 
analyses and they have been listed at the end of each chapter. 
These conclusions have bean summed up in the next section. 

This study has indic:..ited a number of areas in which further 
work is needed. The scope for such future work is listed 
in Sec . 7*3. 
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7.2 CONCLUSIONS 

^ Piled C i roulcar gooting>-Working Load Re s ponse 

7. 2. 1,1 Homogeneous soil 

(a) One of the important conclusions that could be 
dravm from the present work is that piled circular footing 
is an efficient type of foundation. This combination may be 
very effective in transmitting the load safely without 
excessive deformations in many cases. 

(b) In the case of central column loading (concentrated 
load), the bending moments, shear force and differential 
settlement substantially reduce by the provision of pile 

to a circular footing. This shows the effectiveness of 
piled circular footing in the structural design point of 
view. 

(c) When subjected to u.d.l., in the case of flexible 
footing with pile, there is an optimum value of Kj^, at which 
the system is most .Efficient in reducing the settlement, 
compared to circular footing, for this loading, the values 
of bending moment, shear force and differential settlement 
increase compared to unpiled footing by appreciable amount. 

(d) The values of bending moment in a piled circular 
footing are quite sensitive to the values of Poisson's ratio 
of soil. One of the reasons for this is that the load 
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shared hy pile is sensitive to the values of 

(e) The footing flexibility in general and the pile 
compressibility for longer pile (L/d>10) , affect the behaviour 
of piled footing significantly and hence it is expected to 
affect +he behcaviour of gener.al pile-raft system also. 

(f) The non-dlmension,al solutions presented and the 
approximate procedure suggested to account for pile failure, 
would be useful in the design of piled footing of wide range 
of geometric and material parameters. 

7. 2. 1.2 Non-homo geneous soil condition 
Soil stiffness line-rly increasing with depth; 

(a) Provision of a pile for reducing the settlement of 
circular footing, is significantly more effective for this type 
of soil than homogeneous soil, particularly when the footing 

is fairly flexible and loading is concentrated near the 
centre. In the case of flexible footing with pile subjected 
to u.d.l., there is an optimum value of non-homogeneity 
coefficient ( 4' ), at which provision of pile is most 
effective in reducing the settlement. 

(b) The load shared by pile is fairly sensitive to this 
type of non-homogeneity, the sensitivity being more for 
rigid footing>-pile system. 
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(c) The values of mai^imum bending momenc and differential 
settlement substantially reduce compared to those of homo>- 
geneous case, in the case of concentrated loading. 

Two layer soil medium with stiffer top layer: 

(a) In general, provision of pile is less effective in 
reducing the settlement of circular footing for this type of 
non>- homogeneity and its effectiveness is observed to be 
minimum in the range of values of h/l between 0.4 and 0.7 
(where h is the thickness of top soil layer). 

(b) The percentage load shared by pile is minimum for h/l 
in the range of 0.4 and 0.7. 

(c) The values of bending moment and differential settlement 
are quite sensitive to this type of soil non-homogeneity. In 
general j maximum bending moment and differential settlement 
increase in the case of concentrated load and decrease in the 
case of u.d.l. 

Effect of Installation of pile: 

( a) The values of settlement and load shared by pile 
are not very sensitive to this type of non-homogeneity, 
except when soil is highly sensitive to the installation 
of pile (Oases I^ and I^, Sec. 2.2.2), 
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(Id) The values of bending moment and differential 
settlement are fairly sensitive to this type of non’-homo'- 
geneity, even if soil is moderately sensitive to the insta- 
llation of pile (Gases Ig and in Sec. 2.2.2), 

7. 2. 1.3 Transversely Isotropic soil 

(a) The settlement of piled circul.ar footing significantly 
reduces due to the cross-anisotropy, in the range of parameters 
considered. This reduction is considerably more in the case 

of undrained condition than drained condition, for values 
of n upto 2.5, the effectiveness of provision of pile in 
reducing the settlement of circular footing is not very 
much different from that for isotropic case, 

(b) The percentage load shared by pile is not significantly 
affected by cross-anisotropy for values of n ranging from 

1 to 2.5. for the limiting value of n =“ 4, almost entire 
load is transmitted by footing. 

(c) The shear stress distribution in the top region of 
pile is significantly less in the case of piled circular 
footing, compared to single free standing pile, for both 
isotropic and cross— anisotropic incompressible material. 

7. 2. 1.4 Effect of interface conditions 

( a) The settlement and percentage of load shared by 
piles are not significantly affected by the type of contact 
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(smooth or adhesive) he^tween footing and soil and also 
between pile head and footing, in a piled circular footing* 

(b) The values of footing bending moments adjacent to 
the piles ate significantly affected (about 20 to 30 X ) 
by the type of contact between footing - pile soil . 

The differential settlement is also affected by similar 
amount by the type of contact. 

(c) The effect of type of contact between footing and 
pilSyi^becomes insignificant near the edge of the footing. 

The effect of the type of contact between footing and soil 
is maximum for ''^S ~ this effect is maximum near 

footing edge. 

7.2.2 Piled Oircular footing Progressive Deformation 
Upto Collapse 

(a) The bearing capacity of piled circular footing in 
saturated clay in undrained condition may be approximately 
assumed to be equal to the sum of the bearing capacity of 
pile and footing in contact with soil. 

(b) The bearing capacity of piled circular footing in 
saturated clay in undrained condition, is not significantly 
affected by the footing flexibility and pile compressibility 
for the range of parameters considered. 
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(c) The hearing capacity of piled circular footing 
can he significantly increased hy enlarging the tip of 
the pile. 

(d) There is significant increase in hearing capacity 

of piled circular footing in the case of soil whose stiffness 
and strength increase with depth, compared to homogeneous 
soil, 

(e) AS collapse is approached the footing bending moments 
(non-dimensional) increase. The plastic zones around pile 
and footing and also the extent of skin friction 

failure of pile-soil interface, spread simultaneously for 
the piled footings considered, 

7.2,3 Oircular ?ootlng/Raft 
7, 2. 3,1 Elasto-plastic analysis 

(a) The hearing capacity of circular footing suhjected 
to central column loading is not significantly affected 
hy the rigidity of the footing in the range of 1 to 100), 
for the value of dc/d = 4 (d = diameter of loaded area). 

The bending moments (non-dimensional) in a circular 
footing with central colxmin loading are not affected much 
(le ss than 10 */ ) as collapse is approached. 

(c) The effect of adhesive contact on the collapse load 
of circular footing is amall (about 8 '/. increase compared 

to smooth contact) , 
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7. 2, 3*4 Elastic analysis 

(a) The effect of adhesive contact on maximum bending 
moment of circular footing is small (less thar 8 percent), 
if the loading is concentrated near the centre* 

(b) The effect of adhesive contact on maximum bending 
moment of circular footing subjected to edge loading, is 
to increase the magnitude of negative bending moments by 
large amount (about 50 X )* 

7*2*4 Single Pile 

7*2, 4.1 Blasto-plastic analysis 

(a) i.s collapse is approached anall tensile stresses 
develop near the tip of the shallow pile considered. 

However, it does not influence the ultimate bearing capacity 
of pile significantly* 

(b) Compressibility of pile does not influence the collapse 
load of the pile significantly for the cases considered* 

7. 2. 4* 2 Elastic analysis 

( a) The effect of installation of single free standing 
pile, on the settlement, decreases with increasing values 
of h/d. 

(h) The effect of cross-anisotropy on the settlement of 
single pile reduces with increasing L/d and this effect 
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is fairly independent of the values of K for the values 
of n ranging from 1 to 5.5, 

(c) The cross- an isotropy of incompressible soil signifi- 
cantly affects the values of mean normal stress axound 

pile. 

Group and Pile-raft 

(a) The 'interaction factors' may he computed from finite 
element analysis of single pile or single pile-cap units, 
using which settlement of pile-group/pile-raft set in non- 
homo geneous and/or anisotropic soil, can he computed in a 
straight for\A/ard manner* 

(h) A 'non-linear interaction factor method' which 
considers the non-linear nature of interaction, which has 
been shown to occur in some cases, is proposed. This 
analysis can also he carried out using field pile load 
test data. 

(c) The effect of cross-anisotropy on the settlement of 
pile group and pile-raft (unless piles are insignificant 
in the system) is not much for values of n in the range 
of 1 to 2,5, in the case of incompressible material* 

However for strongly anisotropic (n > 3 ) incompressible 
material, the effect of cross-anisotropy is significant, 
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for botli pile groups and pill-rafts and in such oases the 
loads tend to get distributed more uniformly among the 
piles (with rigid cap/raft). 

( d) The effect of modulus line.arly increasing with depth 
on the behaviour of pile group and pile-raft is quite 
significant. The non-homogeneity of this kind tends to 
distribute the loads more uniformly among the piles in 
the case of pile group with rigid cap. 

( e) In the case of two layer soil medium in which a 
stiffen soil is overlying, the settlement of piled foundation 
may be more than the settlement of free raft, for certain 
parameters, indicating that the provision of piles is 
counter-productive, T'or such soil medium the value of 

is maximum for a particular value of h/L in the range of 
0,5 to 1,0, depending on different parameters, for both 
pile group and pile-raft, 

(f) The effect of installation of piles is found to affect 
the values of by about 15 to 25 ’/ • 

Effect of Superstructure 

(a) In general, the maximum settlement of circular raft 
and circular raft-pile system is not very sensitive to the 
superstructure stiffness, particularly so for pile-raft. 
Provision of pile s( skirt) near /the edge of ciixjular raft 
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sulDStantially reduces the settlements. 

(b) Inclusion of the superstructure in the analysis of 

a circular raft appreciably (to the extent of 60 X ) reduces 
th.e differential settlement for practical range of raft 
rigidities = 1 to 10), 

(c) The superstructure stiffness in general reduces the 
positive bending moment (to the extent of 50-60 */. ) and 
increases the magnitudes of negative bending moments for 
practical range of values of raft stiffness, in the case of 
u.d.l. For edge loading this effect is less compared to 
u.d.l. 

( d) Such effect of superstructure stiffness on bending 
moment is less in the case of pile-raft than in the case of 
circular raft. 

Provision of piles near the edge of a circular raft 
substantially reduces the values of negative bending moments, 
for edge loading. 

( e) Piles, when provided near the edge, carry substantial 
percent of load for both loading (u.d.l. and edge loading). 
In the case of edge loading almost the entire load is 
carried by piles. 
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soil system, is very useful for studies of the kind 
attempted in this work. For a given soil profile, results 
for as many as 24 cases were taken in a single run. Since 
the elements representing the soil are condensed, it "becomes 
very economical in such cases where the foundation/ interface/ 
superstructure is to be modified and solved repeatedly for 
a given soil profile. 

( b) The parabolic isoparametric elements can model the 
various components of the systems like footing, raft, pile, 
soil and superstructure satisfactorily. Also using these 
elements compatibility can be satisfied throughout and 
adhesive elastic connections between different components 
of the system can be modelled in a straight forward manner. 

In such pafabolic isoparametric elements, the computation 
of bending moments can be conveniently done by integrating 
the stresses. Such integration by Gauss quadrature 
technique amounts to just addition of moments of Gauss point 
stresses which ane already calculated and hence it becomes 
computationally efficient. • 

(c) By using 6 noded interface elements of zero thickness 

the interface behaviour including the stresses in the 
vicinity of and at the interface can be computed to sufficient 
accuracy. However, the values of stiffnesses and kg) 
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have to he chosen for a given situation carefully, 
particularly when Poisson's ratio of soil is near 0.5. 

( d) The 'initial stress* computation tschniq.ue for 
elasto-plastic finite element analysis is satisfactory, 
for the problems analysed. However, it is quite expensive, 
particularly when the system is stiff (e.g. GPU time 
required for G-0 soil is more than that for G soil. GPU 
time required for piled footing is more than that required 
for single pile) . 

(e) The conventional 'initial stress' finite element 
technique (using quadratic isoparametric axisymmetric 
elements with reduced integration) fails for Tresca yield 
criterion, even though the same technique gives satisfactory 
results when von-Mises or Prucker-Prager yield criterion is 
used, for the problems analysed herein. 

7.3 EBOOmiSHPiTIONS FOR FUTURE WORK 
7*3.1 P iled Giroular Footing 

(a) The analysis of piled circular footing carried out in 
the present work is limited to static vertical axisymmetric aZ 
loads and it is found to be an efficient type of foundation. 
It is likely to be equally or more effective for moment 
loading and dynamic or sieanie loading, inalysis for such 
loading may be very useful. 
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(b) In ■fc'tie present work, comparisons of this type of 
foundations with other types of foundations were made in 
terms of volume of the material. More sophisticated cost 
analysis coupled with optimization technique would be 
highly useful in arriving at economical design of such 
foundations. 

(c) In the Case of elasto>-plastic analysis slip at inter- 
faces were simulated by assigning an arbitrary low value of 
shear stiffness, which does not appear to have sound physical 
basis (hesai (46)). Improved modelling of the interfaces 
may be achieved in the line of research being presently 
carried out (hesai (46)). 

(d) A comprehensive study may be carried out to over 
come the difficulties mentioned in ippendix D, when Mohr- 
Goulomb type yield criterion is used. The analysis of 
piled circular footing for 0-0 material may be carried out. 
Since this type of foundation is likely to be efficient in 
bearing capacity point of view also, for such soils, such 
work may he useful. 

(e) Model/field tests on such foundation would be very 
useful in indicating the applicability of the approximate 
procedure suggested for taking into account the pile 
failure. 
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^ ^ ?lle groups and Plle^Raft 

(a) Field or model tests may be carried out on pile and 
pile-cap units and using these results the settlements 
may be computed by the proposed 'non-linear interaction 
factor method' and compared with the actual behaviour of 
pile groups and pile-raft systems, for different 
geometries to asses the effectiveness of the proposed 
method. 

(b) Pile-raft system may be an ideal combination in some 
cases. Optimization study on such systems would be 
highly useful in arriving at economical design, 
satisfying both bearing capacity and permissible 
settlement requirements, 

7.3.3 Effect of Superstructure 

(a) Solutions were presented for certain range of para- 
meters for the design of foundation of a simple type 
of axiS 3 n 2 mietrical structure. The possibility of 
presentation of some correction factors for variations 
in soil and superstructure stiffness for generalisation 
may be explored. 

( b) The superstructure-foundation-soil system analysis 
for some typical structures like framed, walled etc.. 
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usirij^ ^^'hree'-dimensional quadratic isoparametric 
elements may de carried out and compared with 
results using plate and beam elements for modelling 
foundation and superstructure to indicate the effect 
of different assumptions like hinged, fixed and 
elastic connections at the location of interfaces. 



iPPMPIX A 

PROOEDURB FOR LjR&S gCTITB S LE miTO PROBLEMS 
A.1 IFTRODUOTIOW 

In geoteohnical engineering problems, often it is 
requirf^d to discretise the soil conoinuum, xvlien finite element 
method is used. When continuum of a large horizontal and 
vertical extent is discretised, the computer storage required 
is very high, particularly so for three dimensional prohlems. 

If the continuum is homogeneous, infinite elements (Buragohain 
(21)) can he used to overcome this difficulty. However, in 
the case of arbitrarily non-homo geneous cases discretisation 
of the continuum will have to be done. If the available 
active storage capacity in the computer is not sufficient, 
the common procedure is to assemble in blocks, and solve 
using block solution routine (Wilson et al (145)). This 
requires writing in tape and reading from tape, which increases 
the computing time, ilso it involves programming complications, 
A simple ’condensation* procedure for solving large finite 
element problems using banded storage and solution technique, 
without use of tape or auxiliary storage is described in 
this Appendix. The present procedure is similar to 'physical 
blocking* described by Ohristian Meyer (32). Even if the 
available core is more, the saving in core used, would be 
of some significance in the systems in which the computing 
charges are based on both core used and time. 
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Some solutions obtained for flexible circular footing 
in adbesive contact with deep elastic soil layer and single 
pile in elastic soil, using the above procedure are given. 
Results so obtained by finite element method are compared 
with available solutions, to ascertain the adequacy of mesh 
used, for the analysis of circular footing and single pile. 
For the present finite element fomulation different numerical 
techniques for computing bending moment and shear force are 
compared. 

The 'condensation procedure’ and the method of comput>- 
ation of contact pressure, bending moment and shear force, 
described herein was implemented in the computer program 
developed (PKSLH) and was used for the analyses reported in 
Chapters 2, 3, 5, and 6. The meshes similar to one used 
in the analysis reported herein, were used in the analyses 
reported in Chapters 2, 3, 5 and 6. 

A. 2 description 

The procedure described is similar to 'substructure 
technique' (Prezemienicki (112)), but here it is done by 
mere matrix manipulatict^ without physically separating the 
various parts of the assembly. The mesh is divided Into 
NT blocks (10 blocks in the case illustrated in Fig.A.1). 

The size of each block must be such that it can be assembled 
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and solved with the available computer storage. The lines 
(or planes in the case of three dimensional problems), which 
separate the blocks must traverse the entire domain. If the 
problem is very Ijarge or the storage available is very small, 
it is possible to solve by the present procedure if at least 
one row of elements (or one slice of elements in the case 
of three dimensional problems) can be assembled and solved with 
the available storage. 

The first block is assembled and condensed by partial 
inversion ( simple Gaussian elimination for banded symmetrical 
matrix (Desai and Abel (45)) was used), upto the eq^uation 
ITEE in Eig. A. 2a. NEE are the equations ■ eliminated 
corresponding to nodes which are not common to block 1 and 
block 2. (IT-liEE) are the equations corresponding to nodes 
which are common to block 1 and block 2, where U is the 
total number of equations for block 1, The matrix B 
(Eig. A. 2a) obtained after partial inversion represents the 
effect of the elements in block 1 on the nodes which are 
common to block 1 and block 2. The numbering of nodes is 
to be done such that the last set of nodes in the Mth 
block are the first set of nodes in the (M + l)th block. 

The matrix B is added to the stiffness matrix of the second 
block while initialising (Eig. A.2b). This is continued 
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upto (N!]}*-1)t;h "block, i.e* (N!r>-1) "blocks are condensed, llie 
last "block (10th block in Pig, A,1) alone is solved for 
displacements, stresses etc. If the problem is to be solved 
for different modifications in the NTth block (for example, 
for different thicknesses of foundation, as used in the 
case of analyses reported in Chapters 2 and 3, or different 
modifications in the foundation and or superstructure, as 
used in the analyses reported in Chapter 6), this procedure is 
particularly advantageous. The matrix B can be stored in 
the active storage and the last block alone can be solved 
repeatedly. If the problem is to be solved for different 
loading conditions, the right hand side can "be modified and 
solved as usual. (This technique was used in the analyses 
reported in Chapters 2, 3 and 6) . Schematic diagram of 
the procedure is given in Pig. A, 3. 

Analyses of piled circular footing, circular footing, 
single pile, circular raft and circular pile-raft under 
different soil conditions have been carried out using this 
procedure, the results of which have been discussed in 
Chapters 2 to 6. Some results for a circular raft and 
single pile are presented in this ^pendix. These results 
show the adequacy of the mesh for circular raft and single 
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P ilr and hence it is expected to he adequate for the 
analysis of piled circular footing analysed in Chapter 2 
and 3. 

The mesh used (Pig* A. 1) contains 371 eight noded 
isoparametric elements in aocisymmetric form, used for modell’- 
ing soil, footing and pile. The mesh has he an so arranged 
that the same mesh can he used for different lengths of pile. 
The active computer storage required was high (about 300 K) , 
if one step assembly and solution were to he performed. The 
mesh was divided into 10 blocks. Nine hlockswere condensed 
by the procedure described. Each of the nine blocks condensed 
contained 3 rows of elements. The band width was 88 and the 
number of equations per block was 300, The active storage 
required was only 30 K. Since the problem was required to 
be solved for six different footing thicknesses (for different 
rigidities of footing), the 10th block alone was assembled 
and solved for displacements, contact pressures, bending 
moments etc. repeatedly. The problem was solved for two 
different loading conditions in most of th-; cases. Hence 
the results for a number of cases (11 to 24) were obtained 
in one run. The GPU time in BEG IO90 Computer was about 
2 minutes 15 seconds. The GPU time was compared by solving 
a smaller problem by single step solution and present 
procedure. The present procedure required slightly less 
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time. Tliis may ba because, back substitution was done 
only for the last block, when using the present procedure. 

The limitation of this procedure is that the complete 
solution can be obtained only for nodes and elements in the 
last block, since in most of the soil'-foundation inters 
action problems the settlement, stresses etc. are required 
near the foundation only, this procedure can be conveniently 
used for the linear analysis. For nonlinear analysis, the 
portion of the continuum which may not exhibit nonlinearity 
can be condensed by this procedure. If the displacements, 
stresses etc. are required in the blocks which have been 
condensed, the reduced matrices will have to be saved in 
tape and back substitution will have to be done block by 
block. Even in that case this procedure may be economical 
than a general block assembly and block solution procedure 
(’Vilson et al (145)). It is assumed that there is no 
externally applied load' or specified displacement in the 
blocks condensed. If there are any, the right hand side 
vector after condensation, may be added to the next block 
while initialising, as done for stiffness matrix. The 
geometrical boundary conditions, do not pose any special 
problem. 
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A*? illAIiYSIS OY OIRGULiR FOOTING 
A«5»1 G6n©3?3l 

The mesh used is shown in Fig. A.1. Two types of 
vertical loading were considered namely uniformly distributed 
load ( g) over the entire footing area (termed as udl) and 
uniformly distributed load (q) over a snail circle of diameter 
d, at the centre (termed as concentrated load). The 
solutions were obtained for different values of relative 
rigidities (Ej^ - as defined by equation 2.1a in Chapter 2) 
of the footing. 

A . 3 . 2 Comparison of Settlement 

The computed settlements for u.d.l. have been shown in 
Fig. A.4. Brovm's (15) solutions for circular footing 
subjected to u.d.l., for smooth contact between footing and 
soil have also bevsn shown in the same figure. As fully 
adhesive contact has been assumed in the present work, 
the present solution and Brown's solution must agree for 
incompressible material (Poisson's ratio ( v g) of soil = 0.5), 
in which case the shear stresses at the interface becomes 
nearly equal to aero (Hooper (73)). In the present -analysis 
a Vg value of 0.47 was used to avoid any numerical 
difficulty. A close agreement of settlement (Sj^) values 
can be seen in Fig. A. 4. It was found that the agreement 
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was also good in the case of differential settlement. The 
contact pressure was obtained by taking the average of ver- 
tical stresses at 4 Gauss points in each element immediately 
below th*^ footing and was found to be in good agreement with 
the values obtained by Brown (15). 

4.3.3 Computation of Bending Ifoment 

•oOOTifara —I ■ •MoxiTiiinaii im ...i-rlp- , (, j j 

Since continuum elements were used to model the footing, 
direct output of bending moments could not be obtained. 
Alternately if annular plate bending finite elements 
(Paramasivam (102) and Pardoen (103)) are used, it is 
possible to obtain the values of bending moments and shear 
forces directly; but the limitations are as follows: 

1 . It is difficult to solve adhesive contact problems. 

2. It is difficult to satisfy compatibility at the 
interface. 

3. The connection between pile head and raft and between 
superstructure and raft will have to be assumed either 
hinged or fixed. By the present formulation, it is 
possible to model a compatible elastic connection 
between the pile head, raft and superstructure. 

Por computing the bending moments, two procedures 
were compared, one with known displacements to solve for 
bending moments using thin axi symmetrical plate equation 
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(Timoshenko et al (131)) by finite difference method, and 
the second by integrating the moments of radial and tang- 
ential stresses, over the entire thickness i.e. 


t/2 

Radial bending moment (Mg_) = / ZdZ 

-t/2 

(4.1) 

t/2 

Tangential bending moment (I4j) = fa ZdZ 

-t/2 

(1. 2 

in which 


= radial stress 


= tangential stress 


t = thickness of raft 


Z = vertical distance. 



The computed values of maximum bending moment (Mj^) have 
been shown in Fig. 1.6. It can be observed that the first 
procedure completely failed when the plate is very thick 
(Kp_ = 100). This may be due to the additional deformation 
due to shear stresses, which is particularly significant 
for thick plates. The results of the second procedure are 
found to agree well with Brown* s solution (Brown(15)). Th 
results obtained by numerical integration of equation 1.1 
and 1*2 with 2 and 3 point Gauss quadrature were compared 
and the difference was negligible. Hence 2-point Gauss 



448 


(lu adrature lias been used tbxoughout for computing bending 
moments. The shear force was also computed by integrating 
the shear stresses ) over the entire thicloiess. It 

was found that 2-point Gauss quadrature v/as adequate for 
integration. 

Circu lar footin g wi th Central Golumn L oading 

The problem of circular raft in adhesive contact 
with deep elastic layer, subjected to u.d.l. and parabolic 
loading has been discussed by Hooper (73). Since circular 
footing subjected to central column loading (termed as 
concentrated load herein) is of practical significance, 
some results for this problem are presented in ?igs, A.5 
and 1.7. Fig. 1.5 shows the settlement influence factors 
for different ratios of diameter of footing (d^) to diameter 
of loaded area (d) with uniform pressure q, for values 
of = 0, 0.3 and 0.47 and for different values of 

Fig. 1.7 shows the maximum bending moment (M*) for u.d.l. 
and for concentrated load with d^/d = 5. It can be 
observed that the maximum bending moment reduces by about 
50 */ (for =100, u.d.l) for = 0, compared to 
V = 0.47. When the value of Vg = 0.5 the solutions 

D 

have to be same whether contact is smooth or adhesive at 
least for rigid raft, ilso the smooth contact solutions 
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are independent of the values of Vg. Hence the said 
reduction of 50 / for u.d.l, is th? effect of adhesive 
contact for Vg = o, it can he observed in Eig. 1.7, that 
the corresponding reduction in maximum bending moments for 
concentrated load is less than 8 percent. However it was 
observed that the values of bending moment near the edge 
of the footing, where they are minimum, are substantially 
affected by adhesive contact, 

1.4 iHUTSIS OH SIFGLE PILE 

The results of settlement obtained using the same 
mesh (Hig. 1.1) for the analysis of different cases of 
single pile are presented in Table 1.1, The values of 
settlement computed using charts presented by Poulos and - 
Davis (110,111) are also given for comparison. 

It can be observed in Table 1.1, that the agreement 
between settlement obtained from the present analysis and 
settlement calculated using Poulos and Davis(110, 1 11) charts 
are close for l/d =10. for l/d = 25, the difference^ 
between the finite element (average) and Poulos and Davis 
(110, 111) values, increase as the compressibility of 
pile increases and also as ’^g reduces. 

The calculations using Poulos and Davis (111), 
charts were performed as follows 
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is presented. This procedure is particularly economical, 
if a number of different foundations and (or) super stamict are 
are to be analysed for a given soil profile. 

The bending moment can be determined to acceptable 
accuracy by integrating the moment of stresses at the cross 
section using parabolic displacement continuum elements. The 
effect of adhesive contact on the maximum bending moment of 
circular footing reduces considerably when the loading is 
concentrated over a small area at the centre. 

The solutions obtained using the mesh shown in 
Fig. A. 1, agree well with the available solutions both in 
the case of circular footing and single pile. Hence the 
mesh is expected to be adequate for the analysis of piled 
circular footing, which is a combination of both. 
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TABLE A. 1 GOMP.iRISOF OB SSETIEKE2TT Of SIIGLS PILE 


LengtL of 
Pile (L)/ 
diameter of 
pile (d) 

L/d 

I Young's modulus 
{ of pile material 

? Present 

itoalysis 

1 

‘Resiil t s 

•■/ diff’“ 
erence 
between 

B j RRHS 

P ! 

BRHS 

A'/ER AGE ' u s in g 
'Poulos 

} of" soils'* 

f 

1 

t 

? 

f 



Jand Ba- 
;vi 3(110, 
1 (111) 

6 and 

5 

1 

2 

5 _ 

4 

5 ■ 

6 

7 





111.0 

108,0 

110.0 

1.85 



90.5^ 

91.2 

30.9 

91.3 

0.44 


500 

112,0 

116.0 

114.0 

115.0 

0.88 



96.1 

97.0 

96.7 

95.8 

0.93 


200 

122,0 

127,0 

124.5 

125.0 

0.40 



108.0 

109.0 

108.5 

106.0 

2.30 

25 

1500 

56.7 

61.7 

59.2 

56.8 

4.05 



49.4 

50.3 

49.9 

49.0 

1 .80 


500 

68.1 

73.2 

70.7 

66.0 

6.65 



61.3 

62.0 

61.7 

56.0 

• 

IX) 


200 

89.5 

94.7 

92.1 

80.8 

11.96 



82.6 

83.4 

83.0 

70.3 

15.66 

a - S Eg/ qd 

X 1000 for 

Vg = 0,47 

RRHS 

- Restricted right hand 
side boundary 

b - S* Ec/ ad 

xIOOO for 

v„ = 0 

ERHS 

>- Free 

right hand side 


Loundaxy 


Symn try- 



Fr«e 
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Fig.A-2(a) 
block after 
condensing 


Fig.A-2(b) 
block after 
adding CB3 and 
initialising 



ADD STIFFNESS < READ-NBC, NTH, NLC 

COEFFICIENTS E8j TO N1 = 1 

NEXT BLOCK 1 I 111! 

INITIALISE I ! 'r ( 

NEXT BLOCK I < N1sN1+1 STOP 



Fig, Aa SCHEMATIC DIAGRAM 
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Fig.A'S Raft Bending Moment (udO Vs Hr 





iPPENDIX - B 


soi ls STUDIES PIT SIGHT HOPED ISO P iR^ 'l SPRlO ELElGIfTS IN BENDING 
B.1 INTRODUCTION 

Since eight noded isopaxametric elements in axisymm*- 
etrical form have been used to represent the footing or raft 
in most of the work reported in this thesis, a study has been 
cax'ried out to asses their performance in bending. Different 
types of loading, bhat footing may be subjected to in the 
problems solved in Chapters 2, 3, 4 and 6, have been consi.- 
dered. Th^ range of aspect ratios within which these 
elements, give satisfactory results is investigated, consi- 
dering a simple problem of a circular plate supported at the 
edge. The effect of mesh refinement in the footing portion 
in a piled circular footing is also studied. 

B.2 INIDYSIS OP OIRCULiR' PliTE 

A circular plate is discretised in three different 
ways as shown in Fig. B.1a (Meshes 1T, 2T and 3T) . Different 
types of loading considered have also been shown. The results 
obtained using mesh 1T and 2T, with one layer of elements 
representing the plate, are given in Table B.1 . Different 
ratios of thickness to radius of plate (t/ a) , have been used, 
ranging from 0.02 to 0.4. These are the range of values 
of t/a that has been used in most of the work reported in 
Other chapters. Discretisation as shown in Fig. 3.1a, gives 
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rise bo different aspect ratios (vertical dimension (1)/ 
horik^ontal dimension (Id)), as given in Table B.1. Tbese 
are the range of aspect ratios used for piled circular foot- 
ing, pile-raft systems and raft problems. The values of 
maximum deflection and maximum radial bending moment computed, 
for Load case 1 (udl) and load case 2 (concentrated load) are 
given in Table B.1. The calculated values using thin plate 
theory (Timoshenko et al (131)) are also given for comparison. 
Bor thick plates only values of bending moments are compared. 

It can be observed that the agreement is good, except for 
very thin plate (t/a = 0.02), when aspect ratio is 1/10 and 
very thick plate. The difference is less than 2 in all 
cases except those underlined. Even in underlined cases the 
difference in bending moment is less than 6 X • Oomparison 
of settlement and bending moment for the same t/a with 
different aspect ratios, also reveals that there is very good 
agreement except for t/a = 0,02 and 0.4, as previously 
observed. In these cases of t/a also, the agreement is 
Satisfactory for concentrated load (difference less than 6 X )• 
The settlement of piled circular footing and circular footing 
are less sensitive to plate stiffness for very thick or 
thin plate and so satisfactory results can be obtained 
even for cases with these aspect ratios. Since for t/a = 0,4 
the results of settlement obtained with aspect ratio of 2/1 
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and 4/1, differ by about 12 '/, , further check using two 
layers of elements (Mesh 31) was carried out and compared 
with results of sel-tlement obtained using one layer of 
elements (Mesh 1l)^in Fig, B,1(b), It can be observed that 
the agreement is close, showing that one layer of elements 
with aspect ratio 2/l is adequate, for this value of t/a 
also, for both cases of loading. Hence it can be concluded 
that one row of about 5 elements with aspect ratio in the 
range of I/5 to 2/l may satisfactorily model the circular 
footing with normal value of t/a (0,02 to 0.4), For thin 
plates paralinear elements (igarwala et al (1), Buragohain 
and Shah (21)) is as good or a better altemativa. 

Due to adhesive contact between footing and soil and 
elastic connections between footing and pile/ super structure, 
shear stresses are transmitted to the footing surface, lo 
assess the adequacy of one layer of elements, under this 
loading, some results were taken with uniform shear , stress 
over the entire plate surface (Load case 3 in Fig. B.1a) and 
shear stress and vertical stress over the central portion 
(Load case 4 - in Fig. B. 1a). The values of bending moment 
obtained using one layer of elements (Mesh 2T) and two 
layers of elements (Mesh 3T) , are compared in Fig. B.1(c). 
The results obtained using both the meshes almost coincide 
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showing that for shear loading also^ one layer of elements 
is adequate for getting satisfactory results. Good agreement 
was observed in the case of displacements also. 

B.3 mmSlS OE PIDEB CIROUliR EOOTIl-TG 

In the case of piled circular footing analysed in 
Chapter 2, 3 and 4, adhesive elastic connections have been 
assumed. To asses the adequacy of the meshes used in those 
analyses, the effect of meshrefinement was studied using 
the 3 meshes shown in Eig. B.2(a). (Only portion of mesh 
near footing is shown in the figure and the rest of the 
portion is similar to Eig. 1.1 in ippendix l) . Mesh 1 POE 
and Mesh 3 POE have been used in the analyses reported in 
Chapter 3 and Chapter 2 respectively. Mesh 2 PGP is 
similar to mesh 1 PGE, but with two layers of elements 
representing the plate. The results of bending moment 
obtained using these three meshes are compared in Eig. B.2(b) 
(for udl) and Eig. B.2(c) (for concentrated load) for a 
particular case of piled circular footing (details given 
in Fig, B.2). It can be observed that there is very good 
agreement between the values obtained using the three 
meshes. It was observed that the values of bending moment 
vertically above the pile differed upto about 7 . The 

values of maximum settlement and percent pile load computed 
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using "fh-e se 3 meshes were found to agree very closely. 

The computed values of differpitial settlement is shown in 
Table 13.25 for these 3 meshes. The agreement is good. 

Hence it can he concluded that one layer of element as in 
mesh 1 POE or Mesh 2 POE, is adequate. The results of bending 
moment obtained using meshes 1 POE and 3 POE for another 
case of piled circular footing are compared in Eig. 3.3. 

There is good agreement in this case also. 
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TABLi: B.1 'GOLIPlRISOI OS’ RESUITS - CIROULiR jPLilE 


a - Tjoad 

(Data as in Pig 
case 1 (udl) 

•. B.1> 

= 1 b - 

Load case 

2 (concentrated 
load) 

l 

TT" j-okness/ } 
Radius ! 

t/ a I 

Aspect 

ratio 

l/b 

(Pig.B. 

! Max. 

; ^p/200 

deflection 

T 

{ „ Max. bending moment 
;M7qa2 (Radial) 

{Present 

'analysis 
! ^ 

{Tbin plate 
}tbeory(l31) 

t ^ ^ ^ ^ ^ 

{ Present 
{ analysis 

T—~ 

{ Thin plate 
{ Theory(131) 

r 

0.02 

1/10 

551.47^ 

512.80 

0.2078_ 

0.1970 



50.87^ 

47.84 

0.0295 

0.0284 


1/5 

505.35 

512.80 

0.2021 

0.1970 



47.21 

47.84 

0.0294 

0.0284 

0.04 

1/5 

63.92 

64.10 

0.1965 

0.1970 



5.97 

5.98 

0.0286 

0.0284 


1/2.5 

63.75 

64.10 

0.1958 

0.1970 



5.95 

5.98 

0.0284 

0,0284 

0.1 

1/2 

4.132 

4.104 

0.1970 

0.1970 



0.387 

0.383 

0.0287 

0.0284 


1/1 

4.135 

4.104 

0.1969 

0.1970 



0.387 

0.383 

0.0285 

0.0284 

0.2 

1/1 

0.5332 

- 

0.1973 

0.1970 



0.0502 

- 

0.0290 

0.0284 


2/1 

0.5380 

>— 

0.1372 

0.1970 



0.0502 

►- 

0.0287 

0.0284 

0.4 

2/1 

0.0837 

>“ 

0.1981 

0.1970 



0.0073 


0.0301 

0.0284 


4/1 

0.0936 

- 

0.1979 

C.I97O 



0.0076 

- 

0.0293 

0.0284 



•xlBLE B.2 GOI£PiRISOU OE BIFESRElTTIilr SSDTLEMSNT 

dg/d =5 I/d = 10 = 0 

K = 1 500 


MBSH (?ig. 3.2) 



I 1 POF 

! 

2 PGP 

3 PGP 

10 

51.0^ 

51.2 

50.4 


12.7^ 

12,8 

12.7 

1 

214.5 

214.4 

213.7 


61.5 

62.0 

61.1 


a - udl 


A 

- X 1000 

qa 

A E 

„ « — L. X 10000. 
qa 


b - cone, load 



MS9^ 



0.4 

r/a 


Vp » 0.15 

(a) Diffcrtnt Itoshes ond tocufings uMd 

(b) ifefllcol deftectiort V» r/o 

Cc ) Radiol bending monwrH Vs r/o 


Fig.B.I Circular pCatc supported at edge 










M«sh 1 PCF 

M«sh 2 PCF 

0 0 0 M«sh 3 PCF 

L5rr 


cone, load 

f t i ^ 


Axls- 


M«sh tPCF 


Cone, load 


both Mesh 1 PCF 
and M<sh2PCF 


Mesh 2 PCF 


Mesh 3 PCF 


both Mesh 1 PCF 
and Mesh 2 PCF 


0.4 0.6 0.8 

r/0^ 


dc / d * 5 

L/d = 10 
Vs * 0 
K » 1500 


(a) Meshes and toodings 
(b> Mr Vs r/a (u.d.t.) 

(c) Mr Vs r/o (coiK.lood) 


Fig.B.2 Comparison of meshes 


f, j'.-v..:':-:-.:;;.' 















r/a 


Fig.B.3 Comparison of Mcshss. 




APgEFDIX ^ G 

PE RPORMiiraB OF SIX ITOD3I) IliTBBJPAOE 'RT.m'irn w.q 
G.1 IBTRODUCTIOI 

Some details of six noded interface element 
( Buragohain (20)) lias already been discussed in Chapters 3 
and 4* More details about this element and explicit expre- 
ssions for the stiffness matrix for straight sided element, 
have been given by Vi jayan (138). These expressions were 
checked and implemented in the computer program developed 
for elastic analysis and also in the computer program deve- 
loped for elasto -plastic analysis, which have been used in 
Chapters 3 .and 4 respectively, so as to model vertical or 
horizontal interfaces. In the elastic analysis reported 
in Chapter 3, this element has been used to model anooth 
contact between pile head and footing or smooth contact 
between footing base and soil, in a piled circular footing. 

In the elasto-plastic analysis, in addition to modelling 
smooth contact, this element has been used to permit slip 
or separation at any interface, where the stress exceeds the 
strength. In the elastic analysis normal stiffness (kj^) 
is to be assigned an arbitrary large value and shear stiffness 
(kg) ant^ anbitrary small value, to model smooth contaot. In 
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elasto'-plastic analysis both and have to be assigned 
arbi'^rary large values initially and if at any load increment 
stress at the interface exceed the strength, the correspond*- 
ing stiffness has to be reduced to an arbitrary low value to 
permit slip or separation. If a lower (than appropriate) 
value is assigned for i^iitially (excessive) seper- 

afion or slip would occur, involving error in computed 
quantities. If very high value is assigned for these 
stiffnesses, numerical ill>-conditionin5 . and (or) excessive 
round off error may arise. Hence arriving at appropriate 
values of k^ and k^ for these elements requires a separate 
study for any problem and for a given computer (Hesai (46)). 
Such a study has been carried out in this Jppendix to asses 
the performance of these elements and also to ascertain the 
Values of k^ and k^ which give satisfactory results, for 
the parameters used in Chapters 3 and 4. 

G . 2 GASES GOHSIHERED 

Results of analysis using interface elements can 
be checked on the basis of some known results. Eor example 
the computed values of settlement, bending moment, and 
contact pressure must be almost same for smooth as well as 
adhesive contact for Poisson’s ratio ( ~ 0,5> in the 

case of a eircuiar footing. Ihe results of bending moment 



and contact pressure for smooth contact must he independent 
of the values of Vg. When no such known results are avail- 
able for example in the case of piled circular footing, the 
following checks may he performed. 

1 . The solutions obtained without interface elements 

must agree closely with those obtained with interface 
elements, simulating fully adhesive contact by using 
large value of and kg. 

2, The computed error from an equilibrium check (as 
detailed in Section 2.3^ must be ^all. 

3. mother check is that the displacements of two 
nodes (with same coordinates) attached to both 
portions must agree to as many decimals as possible 
for adhesive contact. 

Por performing the above checks the following cases 
were considered. 

Mesh used is similar to Pig. 1.1 in ippendix A, but 
with two columns of elements (Pig. 3.1a - Mesh IPCP) 
representing pile and slight modification in the horizofltal 
direction, keeping the boundaries same. The computati|j^ 
procedure has been described in ApP®ii^tx A. 

Circul.ar Pooting: 

Case 1 - Without using interface elements simulating 

a fully adhesive contact. 
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Gase 2 - Using interface elements to simulate fully 

adhesive contact, = 10 ”^, = 10^), 

Case 3 Using interface elements to simulate smooth 
contact (k^ = 10 "^, kg = 10 ""^). 

Case 4 *- Using interface elements to simulate anooth 

contact (k^ = 10^, k^ = 10*"^) 

Piled Circular Pooting: 

Case 1 and 2, mentioned above wore considered. 

In Case 2, k^ = 10 and k^ = 10 were used for footing-pile 

interface and for footing soil interface respectively. 

9 

Kg = 10 was used for all interface elements, 

C.3 RESULTS iFD DISCUSSION 

The computed results of maximum settlement, 
maximum bending moment and contact pressure near the 
centre have been tabulatd for different cases considered 
for circular footing in Table C.1. Checks as explained 
earlier in Sec. C.2 are performed as follows. 

It can be observed that the results for Case 1 
and Case 2 agree very closely for both values of Vg 
and for all values of considered. The valuesof k^ 
and k were varied and it was found, with increasing 
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valu3S of these stiffnesses, the error from equilibrium 
check increased. It can be observed that the results 
for Case 3 and Case 4 also agree well with results for 
Case 1 and Case 2, for ~ 0,47. The difference in 
the values of bending moment is upto about 5 /. , which 
may be due to the value Vg = 0,47 used instead of 
0,5. The Values of bending moment and contact pressures 
for cases S ~ 0.47 and Vg = 0 agree well for smooth 
c ontact ( Case 3 and Case 4) , It was found that the 

'- 2 . 

results for smooth contact was almost same when k„ = 10 

o 

’-4 

and 10 were used, showing that the results are not very 
sensitive to kg, provided it is sufficiently low. (Since 
there is no problem of ill -conditioning/roundoff error 
in using low value, even zero can be used). Incidentally 
the computed quantities for smooth contact are in 
satisfactory agreement with the solutions given by 
Brown (15) . 

The results of percentage error computed for 
different cases have been tabulated in Table 0.2. It 
can be observed that the error slightly increases when 
interface elements are used (comparing Case 1 with other 
Gases), In general, the error is less than 0,5 percent, 
except for = 0.47 in case 4. This shows that 
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for Vg 0.47, if - 10 (Oase 4) is used tke error 
increases, which indicates ill*-conditioning and (or) 
roundoff error. 

In the case of piled circular footing the error 
was found to bp still' more if high value of is used 
for ^*2 = 0,47. Hence for modelling smooth contact 
between footing and soil, = 10^ and kg = was used 

for the analysis reported in Ohapters 3 and 4. 

The results obtained for Oase 1 and Oase 2 , for 
piled circular footing have been shown in Table G. 3. It 
can be observed that the results for Case 1 and Case 2 are 
in good agreement show«-ing that the values of k^ and 
k^ used may give satisfactory results. The error from 

O 

equilibrium check was found to be less than 0.5 X for 
all the case of piled circular footings considered' in 
Chapters 3 and 4, using interface elements. 

The displacements for nodes with same coordinates 
in the cases of adhesive contact agreed upto at least 
fi^e decimals for the cases reported. If higher values 
of k^ or kgS-re used the agreement was upto larger number 
of decimals but the error from equilibrium check increased. 
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C . 4 GONOLUSIONS 

Using six noded interface elements in conjunction 
^Nith solid elements the interface can he modelled satis*- 
factorily. The stresses adjacent to the interface 
(as contact pressure and lending moment) can also he 
obtained to acceptable accuracy. 

The use of very high value of or increases the 
round-off error and or illconditioning for values of 
nearly equal to 0.5. The values of k^^ and k^ that may 
he used for getting satisfactory results ih the analysis 
of piled circular footing, for the parameters and computer 
used, have been indicated. 



TABLE C.1 OOi).([PARISOIT OF EESUITS USIIG 6 NOBSL IliTERFACS 
ELEMEMCS - aiRGULAR RAFT 

2 

Sg = 200t/m. , = 2 m, li/a = 32 , S^/Eg = 1500, 

^ Free right hard side houndary 


Loading Description 

Without ^fith 3 oi>- 

Doint ele- nt eleme^ 
ment (ful- nt k = 10 ' 
ly adhesive) ^ = -lO^ 

(fully 

adhesive) 

With 5o>- 
int ele*- 
ment 7 

k 3 = 10 ^ 
( smooth) 

With 
jo int 
element 

lc„=109 

( smooth) 


OASE 1 

OISE 2 

CASE 3 

case 4 

1 2 

3 

4 

5 

6 


Poisson's ratio of soil ( Vg) = 0,47 
u.d.l. ■ ■ ' • 


( 4 ) 

Maoc, Settlement 

i-94^ 

5.94 

5.96 

5.92 

X 1000 

6.01^ 

6.01 

6.03 

6.00 


(m) 

6 . 55 '^ 

6,54 

6-58 

6.54 


Max. Bending moment 

7.59 

7.59 

8.01 

7.96 


X 100 

7.50 

7.50 

7.66 

7.64 


(tm/m) 

5.41 

5.41 

■ 5.49 

5.46 


Contact pressure 

0.49 

0.49 

0.49 

0.49 


near centre 

0.51 

0.51 

C\J 

Lfh 

• 

0 

0.52 


(t/m^) 

0.69 

0.69 

0.70 

0.69 

Concent- 

Max. Settlement 

2.39 

2.39 

2,40 

2.38 

rated load 

X 10000 

2.54 

2.54 

2.55 

2.53 

(udl q 
over cir- 

(m) 

3.60 

3.60 

5.62 

3.60 

cle dia. 

Max. Bending moment 

2.45 

2.45 

2.47 

2.47 

d at 
centre) 

X 100 

2. 33 

2.33 

2,34 

2.34 


( tm/m) 

1.94 

1.94 

1.95 

1.95 





Cfontd. 

next page 



ontd. 5ablG C,1 


1 


lone, load 
udl q. oyer 
ircle dia. 

. at centre) 


Poisson' s 


idl 

:q) 


G one ent'ra- 
ted load 

(udl q 
over circle 
dia. d 
at centre) 


a .- % = 


2 


Contact press- 
ure near centre 

X 10 
(t/m2) 


5 

4 

5 

6 

0.20 

0.20 

0.20 

0.20 

0.25 

0.25 

0.26 

0.26 

0.65 

0.65 

0,67 

0.67 


Ratio of Soil ( ^ 3 ) = 0 


MaX. settlement 

6,84 

X 1000 

(m) 

6.90 


7.31 

Max. Bending 

2.66 ■ 

Moment x 100 

4.53 

(tm/m) 

4.00 

Contact pressure 

0.53 

near centre 

0.55 

( t/m^) 

0.69 

Max. Settlement 

2.76 

X 10000 



2.91 

(m) 

3.58 

Max. bending 

2,23 

moment x 100 

2.18 

(tm/m) 

1.77 

Contact pressure 

0.22, 

near centre x 10 

0.28 

(t/m^) 

0.71 

”100 b - 

11 

0 


6.830 

7.54 

7.55 

6.880 

7.65 

7.66 

7.30 

8.37 

8.39 

2.63 

8.25 

8.20 

4.52 

7.91 

7.87 

4.00 

5.63 

5.62 

0.53 

0.49 

0.49 

0.55 

0,51 

0.51 

0.69 

0.70 

0.70 

2.75 

3.04 

3.04 

2.90 

3.23 

3.24 

3.59 

4.62 

4.62 

2.23 

2.46 

2.46 

2.17 

2.35 

2.35 

1.76 

1.95 

1.95 

0.22 

0.20 

0.20 

0.28 

0.26 

0.26 

0.69 

0.70 

0.70 




TiBLE C.2 

RESULTS OP EQUILIBRIUl/[ CHECK USING 6 NODED 
IJITERPiCS ELEJilENTS >- CIRCULiR RiPT 
(Bata and Cases as in TaLle C.1) 

Percentage error from equilibrium obeck 

Loading 

Case 1 

Case 2 

Case 3 

Case 4 

u.d.l. 

0.06®- 

■V 

0.10 

0.15 

0.79 

( vg = 0.47) 

0.07 

0.09 

0.13 

0.64 


0.10° 

0.20 

0.21 

0.82 

Concentrated 

0.06 

0.10 

0.15 

0.79 

( Vg = 0.47) 

0.07 

0.10 

0.13 

0.65 


0.12 

0.22 

0.22 

0.87 

u.d.l. 

0.13 

0.32 

0.38 

0.34 

('^s = 0) 

0.14 

0.31 

0.28 

0.17 


0.18 

0.22 

0.41 

0.13 

concentrated 

0.13 

0.32 

0.38 

0.34 

{''s= 0) 

0.14 

0.32 

0.29 

0.18 


0.19 

0.23 

0,46 

0.18 


a - % = 100 b - Kj^ = 10 , c - % = 1 


TiBLE 0*3 OOMP PRISON OP RESULTS >- PILED GIRCULiR POOTIUG- 


do/a =5, % 

= 100 

(Other ' data 

and cases as 

in Table 0.1) 


u 

vdLr. 

concentrated load 

Description 

Case 1 

Case 2 

Case 1 

Case 2 

Max. Settlement 

X 1000 (m) 

”^7.31^ 

4.25° 

6.31 

4.24 

2.53 

1.70 

2.53 

1.70 

Max. footing 
bending moment 

7.40 

13.84 

7.20 

13.87 

0.97 

6.86 

0.97 

6.85 

X 100 (tm/m) 





Percentage 
pile load 

27.77 

48.70 

27.80 

48.77 

28.33 

49.49 

28.37 

49.56 

3. Ii/d. " 

Vg = 

0 b - L/d = 10, 

Vg = 0.47 
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SO.ME TJSI 13G TRg SGA il-TD DRUaKSR>-PR A G-BR YTSW QRIg BRlA 

I?T ELASTO ^- PLASTIG ilULYSIS 

B.l INTRODUCTION 

Elasto-plastic finite element analysis using von Mises 
yield criterion was discussed in Chapter 4* Some computer 
runs were made using Mohr^ Coulomb and Drucker ^ Prager 
yield criterion also. The original computer programme 
developed for (Yijayan (138)) elasto-plastic analysis using 
Mohr-Goulomh yield criterion was modified to handle Druoker- 
Prager criterion also. The initial stress computation technique 
and other details of analysis, are same as those used in 
Chapter 4* The results obtained for smooth rigid circular 
footing (Kj^ = 100) subjected to central column loading are 
discussed here. The purpose of this ippendix is to present 
some difficulties met with in the conventional initial stress 
elasto-plastic finite element analysis, vvhen Tresca criterion 
is used and also to compare the computing tima for such analysis 
in the 'case o'f frictional soil with that in the case of 
purely ' cohesive soil. 

D.2 bet ills OP COMPUTER RUNS 

Betails of four computer runs, which are discussed 
herein, are given in Table B.l. ill the runs pertain to 


smooth rigid ciroular footing (Kj^ = 100) subjected to central 
column loading (concentrated loading). The smooth contact 
was simulated using interface elements. The mesh used 
for these analyses is Mesh 2RDI (Fig, 4,2, Ohapter 4), In 
all cases fully associated perfect plasticity has been 
assumed. 

3). 3 UNBRIINEI) iHALISIS 

The results of undrained analysis using Drmicker- 
Prager yield criterion (Run P-i) is shown in Fig. P. la. For 
0=0, 'Orucker,'- Prager yield criterion reduces to von Mises 
criterion. Hence the results are same as the results reported 
in Ohapter 4, for von-Mises criterion (Fig. 4,8). This 
checks the program developed for Prucker-Prager criterion. 

It can he observed that the trend of the load settlement 
curve shows a collapse pressure of about 104 0^, which is in 
satisfactory agreement with commonly used value (from Winter 
Gorn and Fang (146)) which is 99.2 for the parameters 
used in the present work. The ifresult, obtained (Run ^ 2 ) 
using Tresca yield criterion is also shown in Fig. P. la. 

It can be observed that for pressure greater than 96 the 
load*- settlement curve rises almost linearly without indicat- 
ing any collapse. The same trend was observed when Tresca 
criterion was used in the analysis of flexible circular 
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footing u.d.l. and also in the analysis of piled 

circular footing. Similar difficulties have been reported 
hy (different authors and different remedial measures have 
been suggested by them, as follows. 

1, Davis and Booker (55), has reported that no collapse 
load could be obtained in the case of strip footing 
using Mohr*-0oulomb (associated) criterion. They 
advocate checking the sign of the rate of plastic ’ 
work and ensuring positive rate of work throughout. 
Rowe and Davis (123), have obtained satisfactory 
results in the case of circul.ar footing incorporating 
the above checks. They have used quadrilaterals 
consisting of 4 constant strain triangles in their 
analysis. 

2, Toh and Sloan (152) could not obtain collapse load, 
using Tresca criterion and linear isoparametric 
quadrilaterals, by conventional displacement elasto- 
plastic formulation. They advocate mixed variational 
principle. 

3, Sloan and Randolph (127), have sho^vn (based on the 
work of Ragtegaal et al (94)) theoretically that 
only 15 no ded cubic strain triangle is to be used for 
getting satisfactory results for incompressible 
material loaded by circular footing and lower order 
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elements may not give realistic results. They have also 
shown that satisfactory results can he obtained by using 
such higher order elements, for Tresca material* However, 
they have mentioned that reduced integration in the 
case of other lower order elements like parabolic one m.ay 
improve the results; but they have not made any studies 
on its effectiveness. The present analysis throws some 
light on the effectiveness of such reduced integration. 

In the present analysts, reduced integration (2x2 G-auss 
quadrature) was used. For von Mises criterion, the present 
analysts indicates the collapse load satisfactoi’ily; but 
for Tresca material it has completely failed. So it 
appears that the type of yield surface has got some thing to 
do with the performance of these elements in elasto-plastic 
analysis and further work is required to study this 
aspect, 

is stated above three completely different approaches 
are presented in the literature to overcome the difficulty 
in the case of Tresca material. Comparative merits 
require to be studied, 

D.4 DRlIHEI)’iITiI.YSIS 

The results of analysis using inner cone (Run 
and outer coneCRnn B 4 ) of Brucker -Erager yield criterion 
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( 5iLc!aki©-^z(l49)) are shown in Fig. D.lh. The trend of the 
load-- settlement curve is such that it may indicate collapse, 
had the load increment he continued. However, since the 
maximum number of iterations was specified as 600, the run 
got teiminated at applied pressure of 288 Ou. For predicting 
collapse load satisfactorily it requires much more number of 
iterations than 600. It is of interest to compare Run 
and Run • Run (undrained case) required maximum 
iterations of about 300 and GPU time of about 22 minutes 
and has predicted collapse load satisfactorily. Run B^ 
(Brained case), with maximum iterations specified as 600, 
has consumed CPU time of about 50 minutes and it appears 
that it requires much more CPU time to satisfactorily 
predict collapse. Further, Run B^ has been made with larger 
load increments than Run B^. (Collapse has been approached 
in 13 equal increments in Run B-j and 6 equal increments 
in Run B^), It eg-' be observed that when outer cone 
(Run B^) of . Brucker -Prager criterion is used, it appears 
that it may require more CPU time than analysis with inner 
cone (RunB'j), for predicting collapse satisfactorily => 

So, it can be concluded that drained analysis using yield 
criterion like Brucker-Pragei^s is substantially more 
expensive than undrained analysis, when elasto’-plastic 
fin,ite element technique is used. Ifcdiflcation of the 
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stiffness matrix after each load increment (zienkiewicz(152)) 
and allowing limited numher of iterations within each incre- 
ment may improve the situation. However comparative cost 
and accuracy of this approach requires to be studied. 


TlBLE H.l 0? OOMPUTBR RUNS 


dc/d 


Oommon data for all runs. 

= 4, unit wt. ol soil = 0, Eg/Ou = 400, 


% = 100 


Run No, 

Yield Criterion 



Max. Ho. 
of iter- 
ations 
specified 

No. of 
incre- 
ments 

GPU 

Time 

min. 

Dl 

prucker-Prager 

0 

0.48 

300 

15 

22 

(von Mises) 






D2 

Mohr- Coulomb 
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0 

0.48 

300 

20 

'i— 


prucker-Prager 

O 

o 

0.30 

600 

6 
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;AEPEI-I]3I X ^ E 

interaction I'ACTOR MBTHO I) - aOMPUT.AJ!IOF PROGESURE 


The load settlement relations with, boundary condi- 
tions, for a pile-raft with a rigid cap can be written as 

^^PR ^ {% } = (1 1-.-. 1)^ 6q 

1/bcM Mx1 MxM Mx1 Mx1 (E.1) 


(1 1 1) {Ppj^} + (1 1 .... 1) {Pj^} = p 

1x34 lfe1 IsM Mx1 


(E.2) 


where [IpR] = flexibility matrix of the system for pile- 

raft action 


[Ip 1 = flexibility matrix for raft action. 


([ Ippl and [Ip ] can be generated using influence 
coefficients (factors) and interaction coefficients (factors) 
for pile-cap units and unpiled raft units respectively or 
from field data) . 

{PpR} = loads tranaritted by pile-raft action by 
different units. 


{p } = loads transmitted by raft action by different 
R 



(1 1 
(1 1 


units. 

settlement of rigid cap, P - 
number of pile-cap units, 

1)^ - unit column vector 

1 ) - unit row vector. 


total applied load. 
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Initially the entire load is assumed to be transmitted 
by pile-raft action. 

Hence Eqs. S.1 and B.2 becoi|e, 

^%R ^ 1)^ 6q (E.3) 

(11 1) = p (2^4) 

Prom Eq, E.3 

<PpR> = (11 .... 1)”^ 6o (E.5) 

Multiplying Eq. E.5 by unit row vector and from Eq. E.4. 

P = (111 .... 1) {Ppp}= (11 .... 1) [Ipj^ '‘\l1....1)^6o 

(E.6) 

STEP 1 ; Eq. E.6 can be solved for 6 q. Substituting 
the Value of 6 q in Eq. E.5, ^ I’pR ^ 1^® 

obtained. (This gives the results for linear 
analysis) . 

The limiting load on any unit (P^^^ for pile- 
raft action is given by 

- (rao + ^ 100)/2 (E.7) 

where 

UBO - ultimate bearing capacity of single pile 
PPL = percentage load shared by pile. 
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STEP 3 : Eq. E.11 can be solved for 6 q« The value of 

6o can be substituted in Eq. E.10 to obtain {P-g} . 

If any Pg corresponding to pile-raft action (i.e. 

-1 

the corresponding Pg; ~ 0) > exceeds Pjjjg_^ corresp- 
onding rows and columns of [Ig] and ' [Ig-l are 

interchanged. The corresponding Pj^- is made equal 
1 

to P„„^» Step 3 is repeated till all values of 
majx. 

Pg corresponsing to pile-raft action (i.e, the 

*! 

corresponding = 0) j lo not exceed P^ ^y in 
which case the final results are obtained. 



JIPPEKDIX *- I* 


COMPUTER PROGBJJI FOR BLASTO -PLASTIC MUiYSIS 

The Program EliPLA described in this ippendix is 
the modified version of original Computer Program developed 
at IIT, Kanpur (Vijayan (138)). The program can he used 
for axi>- symmetrical elasto-plastic analysis using von Mises 
yield criterion. Eight noded quadratic isoparametric 
elements are used to disc ret ise the different components of 
the system such as soil, footing and pile. Six noded 

interface elements model the interface behaviour, ’Initial 

% 

stress* method has been used for the computation of the 
non-linear problem. Assembly and solution are performed 
in cere. 

Most of the computation steps are carried out in 
various sub-routines of the program as described below. 

Plow charts for MAIN, ASEMBL, STRESS and JOISTR are pre- 
sented in Pigs,P#1to E.4. 

main Reads and prints the title of the problem. 

** Galls I)AT.4 INj ASEMBI, CHOI!^, STRESS and JOISTR 

Galls PRINTR to print final results. Checks for 
tension failure and if there Is aziy tension failure 
makes JGOUNT = JCOUNT + 1 checks whether stiffness of 
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DATJLEH 


iSEMBIi 


fhe system has reduced to the specified fraction 
of the original elastic stiffness.’ 

Reads and prints maximum number of increments, 
maximum number of interations, convergence 
criterion, material type, material properties, 
interface data and surface traction data. It ■ 
also generates and prints nodal point and element 
data. 

1. Initialises global stiffness matrix, and total 
displacement vector, 

2. Assembles load vector, 

3. Galls IS08PI and J0I6PI and assembles global 
stiffness matrix, 

4. Galls GEOMBG 

For first increment and first iteration, it 
perfoims 1, 2, 3 and 4. If number of iteration 
is equal to 1, it performs 2. 

If JGOUM! is not equal to 0 (i.e. there is inter- 
face or tension failure), it performs 3 and 4. 

If JGOUITT is equal to 0 (i.e. there is no interface 
or tension failure) , it performs 4. 
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I S08PL 


J0I6PL 

SHAPE 

GEOMBG 

JOISTR 


Initialises element stiffness matrix and forms 
stress*- strain matrix* 

Calls SHAPE to foim elements of strain displacement 
matrix (B) and Jacobian determinant matrix and 
Jacobian determinant for all integration points 
in all elements and stores B matrix and determi*- 
nant of Jacobian for all integration points in 
all elements. 

calculates the element stiffness matrix for 
straight sided 6 noded interface elements. 

calculates shape function, X and T derivatives 
of shape function and determinant of Jacobi.an for 
8 noded elements. 

applies prescribed boundary conditions at nodes. 

computes stresses at interfaces. Checks whether 
stresses exceed permissible value and if so, 
reduces corresponding joint stiffness to small 
value and makes JOOOTI = JCOUIT +1 , Prints 
stresses at interface, results of equilibrium 
check, percentage pile load, percentage tip 
load and percentage load trananitted by footing. 
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CHOLES 


STRESS 


ELPLAS 


PRIlfTR 


carries out triangularisatiou of the handed 
symmetric matrix hy Cholesky decomposition, for 
IRGR = 1 and ITER = 1 and also if JGOUET is not 
equal to zero. Solves for displacements hy hack 
suhstitution for all iterations, 

initialises the total stress and strain vector or 
assigns initial stresses due to gravity loads* 

Selects incremental nodal displacements and 
calculates incremental strains and stresses (unless 
there is any tension failure). Calculates yield 
stress at integration points and checks for yielding 
at these points. Galls EIPIAS if element has 
yielded* Computes comection stress vector if 
yielded and forms residual load vector. 

Checks for convergence and calls PRINTR once solution 
converges. 

calculates elasto-plastic matrix for the current 
stress values at each integration point using 
von Mises model. 

prints load increment, number of iterations 
performed, applico. load, total and incremental 
displacements at nodal points. 
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Prints co>-ordinates of integration points, 
condition of the point (elastic or plastic) and 
stresses, 

Oalculates percentage load shared by pile if any 
and bending moments and prints the same. 
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